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Abstract: Due to the combination of climate change and the rapid growth in urban populations in
Africa, many urban areas are encountering exacerbated urban heat island (UHI) effects. It is important
to understand UHI effects in order to develop suitable adaptation and mitigation strategies. However,
little work has been done in this regard in Africa. In this study, we compared surface UHI (SUHI)
effects between cities located in different climate zones in East Africa, investigating how they change,
both spatially and temporally. We quantified the annual daytime and night-time SUHI intensities
in the five most populated cities in East Africa in 2003 and 2017, and investigated the links to
urban area size. We consider the possible drivers of SUHI change and consider the implication for
future development, highlighting the role of factors such as topography and building/construction
materials. We suggest that UHI mitigation strategies targeting East African cities may benefit from
more comprehensive analyses of blue and green infrastructure as this offers potential opportunities
to enhance human comfort in areas where UHI effects are highest. However, this needs careful
planning to avoid increasing associated issues such as disease risks linked to a changing climate.
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1. Introduction

More than half of the world’s population was residing in urban areas in 2018, with
4.2 billion people living in urban settlements. As the world continues to urbanise, this
proportion is expected to increase from 55% to 68% between 2018 and 2050 [1]. One
major challenge in coping with urbanisation is the urban heat island (UHI) effect: a
phenomenon in which urban areas are warmer than their adjacent rural areas [2]. Air UHI
(AUHI) and surface UHI (SUHI) are two major indicators used in UHI analysis. AUHI
is based on air temperature measurements above or below the roof level, whereas SUHI
is derived from remotely sensed surface temperatures. Here, we focus on the SUHI. The
UHI effect is caused by differences in urban and rural energy balance [3]. Compared to
rural areas, impervious surfaces in urban areas have lower albedo, and higher thermal
capacity and thermal conductivity [4-6]. Urban structures and their configurations can
also raise the surface roughness, trapping radiation in built-up areas, and changing overall
air movement [5], with precinct ventilation performance further influencing the UHI and
thermal comfort [7].

The UHI effect brings about numerous direct and indirect impacts on urban inhabi-
tants, primarily affecting their health [5,8,9]. In particular, the UHI effect exposes urban
inhabitants to additional heat stress, generating extra thermal discomfort in many cities
under particular urban development patterns and geographic conditions, and increasing
heat-related health risks [10]. Generally, the UHI effect prolongs and intensifies heat waves,
which increases morbidity and mortality during the heatwave events [11,12].
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Warming intensified by urban land use and land cover change has been identified in
many cities, which implies that heat stresses will be further exacerbated in the future [5,13],
as the urbanisation trend continues. For example, the UHI effect became more prominent
in areas of rapid urbanisation in the Pearl River Delta of China [14]; SUHI was found
to be influenced by urban land use in Rotterdam in the Netherlands [15]; and amplified
temperatures detected in Noida, India, were mainly due to an increase in impervious
areas, associated with urbanisation [16]. The impacts caused by the UHI effect will be
exacerbated when taking climate change into consideration [5,8,17]. The interactions
of UHI effect and climate change are non-linear [5], and are not simply the sum of the
combined contributions [18].

Enhancement of UHI intensity has been detected in various cities around the world.
Planners have devised models at different scales for conceptualising UHI effect and urban
growth. However, the major focus of these studies is on expansion forms of urban growth,
rather than densification [19]. In contrast, urban densification targets higher urban density.
This approach can lead to economic efficiency and resource conservation as services and
infrastructure are more easily integrated into more densely built cities. Urban expansion is
usually associated with urban sprawl, which is a kind of rapid urban land expansion with
non-contiguous and unplanned development. Urban sprawl is exemplified via unlimited
outward expansion, and rapid growth toward suburban areas [20]. Urban sprawl brings
numerous challenges for urban development, including unsustainable land use problems,
pollution, and environmental degradation [21]. In developing countries of Africa and
Asia, rapid urban expansion has become a critical public policy issue in recent years [22].
Urban expansion mainly contributes to the broadening of the area affected by the UHI,
while densification is likely to exacerbate the intensity of the UHI effect [23]. Although
urban expansion has become the most common form of urban development, some African
countries have adopted policies that aim to promote urban densification [24-26].

Many countries with the fastest estimated and projected rates of urbanisation are
located in Africa [1], where rapid and often unplanned urbanisation is exacerbating the
impacts of a wide range of natural and anthropogenic disasters. The East Africa region is
one of Africa’s fastest urbanising areas and its growth rate is higher than the average for
Africa. Estimates from the United Nations (UN) show that 24% of East Africa’s population
lives in urban areas in 2018, compared to only 7% in 1960; this represents an increase from
3 million people in 1960 to 65 million urban inhabitants in 2018 [1]. As East Africa continues
to urbanise, the proportion of urban populations is expected to increase from 24% to 39% by
2050. The urban poor who live in informal settlements are highly susceptible to heat stress,
and are particularly vulnerable to sustained high temperatures due to their location, urban
design and poverty levels. As urban area growth and climate change intensify, hundreds
of millions of inhabitants will be under heat stress. For example, over 70 million people in
Kenya and Uganda experienced 20 to 25 days of extreme heat per year in 2018, yet it could
exceed 125 days by 2090, putting far more people at risk [27].

Climate change leads to higher temperatures and longer, more severe, and more
frequent heat waves, causing UHI affected areas to bear the brunt of these harsher heat
events. East Africa has been identified as one of the most vulnerable regions in Africa in the
face of climate change [28]. Most of the East African region has experienced a significant
temperature increase from the beginning of the early 1980s [29]. The Famine Early Warning
Systems Network (FEWS NET) also reported temperature increases in many areas of
Ethiopia, Kenya, South Sudan, and Uganda over the last 50 years [30]. Temperatures in
large parts of East Africa are projected to rise during the current century, and the maximum
and minimum temperatures will be higher than the baseline period (1961 to 1990) [28].
Climate model projections under the SRES A2 and B1 scenarios indicate temperature
increases in all seasons across the whole of Ethiopia, which may lead to a higher frequency
of heat waves as well as higher rates of evaporation and evapotranspiration [31].

The UHI effect has become one of the clearest examples of how urbanisation affects
the local and regional climate [19]. Therefore, essential measures should be taken to
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reduce the negative effects of UHI, especially in the coming decades, where the frequency
and intensity of extreme heat events are anticipated to become more severe due to the
interactions between urban climate, heatwaves, global climate change, and anticipated
rapid urbanisation [5]. Globally, the UHI effect has been extensively studied, however
most research has been conducted in cities located in Europe, North America and China,
while there has been little research in those regions most vulnerable to climate change,
such as cities in Africa [19]. Most UHI studies also tend to focus on a single city. Variability
in methodological approaches can make direct comparisons across studies (and therefore
cities) difficult, making it harder to build a picture of regional changes. This is problematic
because climate conditions are important factors, affecting UHI in different ways [32]. To
understand more about the importance of regional climate conditions and patterns of
urbanisation in determining the extent and distribution of UHI effects, it is important to
undertake analyses across multiple cities simultaneously using a common methodology.
Thus far, however, few such studies exist.

Given that the combined impacts of urbanisation and climate change will potentially
have large impacts on future urban temperatures [19] and exacerbate existing heat stress
in East African cities, understanding the UHI effect in these cities is important if UHI
is to be mitigated. This study compares SUHI between East African cities located in
different climate zones and assess how it changes spatially and temporally. This allows us
to understand the possible driving factors, and consider the implications for future urban
development. We address the following questions: (1) How does SUHI vary in different
climate zones in East Africa? (2) What are the spatial and temporal variations of SUHI in
these cities and what are the possible driving factors? (3) What are the implications for
future urban development in the region?

2. Materials and Methods
2.1. Study Area

Five cities spanning the four climate zones in the region were selected as study areas
based on the following criteria [33]: (i) being the largest or capital city; (ii) being the main
economic and commercial centre of their country; and (iii) experiencing rapid urbanisation
with the highest population in their respective countries. The location of these cities and the
corresponding climatic information (en.climate-data.org) and recorded urban development
pattern are provided in Table 1, Table 2 and Figure 1. Climate classification data was taken
from 1 km resolution Koppen-Geiger maps [34].

Table 1. Geographic and climatic information of the study cities.

. Population Longitude/ Altitude Artnual Temperature (°C)
City ; (Meters about Rainfall " -
(2015) Latitude Annual Maximun Minimum
Sea Level) (mm)
Khartoum 32.527° E
(Sudan) 5,128,000 15.500° N 386 70 29.9 34.3 (May) 22.7 (Jaunuary)
Dar es Salaam 39.103° E 27.9
(Tanzania) 5,116,000 6.807° S 16 1114 26.1 (February) 24.4 (July)
Nairobi 36.858° E 20.5 (February or
(Kenya) 3,914,000 “1181°S 1669 674 18.8 17 (July) March)
Addis Ababa 38.565° E .
(Ethiopia) 3,871,000 8.884° N 2350 1874 15.6 17.2 (April) 14.1 (December)
Kampala 32.596° E 22.7
(Uganda) 2,577,000 0.291° N 1224 1747 21.4 (February) 20.7 (July)
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Table 2. Climate zones and urban development information of the study cities.

City Climate Zone Climate Condition Urban Development Pattern

The development of the city is
tightly linked to the evolution of
the Blue and White Nile Rivers,

season from March to May, . andils also mﬂuen.ced. by
increasing land exploitation for
and a wet season from June to . . .
October [35] intensive and extensive
’ cultivation [36].

There are three seasons in the
city, a dry season from
. ber to Feb hot
Khartoum (Sudan) Warm desert climate November to February, ho

Due to its location along the coast
and the existence of the four main
roads entering the city, Dar es

. Salaam has been observed to
prevails from March to . .
expand in a radial structure [37].
October. The southeast The city is experiencing multiple
Dar es Salaam (Tanzania) Tropical savannah climate monsoon dominates between Y periencing P
development projects involving
October and March. The .
climate is also greatly partnerships between the
. government and UN HABITAT.
influenced by the sea due to . .
. . These projects aim to reduce the
proximity of the city to the
. area of unplanned settlements
Indian Ocean [37]. [37]

With functionalism as the main
planning principle, the city has
The city experiences a short ~ grown in concentric zones [33,39].

The climate of the city is
greatly influenced by the
northeast monsoon which

rainy period in More than half the population
Nairobi (Kenya) Subtropical oceanic highland =~ November/December and a  reside in informal settlements [40].
climate heavy rainy season from The city is served by a highly
March till the beginning of polluted river (the Nairobi River)
June [38]. and exhibits ahigh proportion of

open vegetated spaceswithin the
urban area [40].

The city is experiencing rapid
urbanisation, with increasing
built-up area (impervious

The short rainy season
Humid subtropical extends from March to May
Addis Ababa (Ethiopia) climate/Subtropical oceanic and the main rainy season

from June to September surfaces), and is characterized by
highland climate P ! mixed land uses dominated by
followed by a dry season from .
October to February [41,42] informal settlements located close
e to urban growth centers [33].
There are two wet seasons . The. city h?S expanded n allh
directions with growth primarily
(March-May and -
September-November). concentrated along main roads.
Kampala (Uganda) Tropical rainforest climate Torrential rains are often Between 1989 and 2010 the total

observed from March to May built-up area increased

and July is normally the driest exponentially, a result of both
month [43] natural increase and migration

[43,44].
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Figure 1. The location of study area and Africa.
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2.2. Data and Methodology

The definition of urban and non-urban for SUHI estimation is based on data from
Landscan urban extent (Natural Earth; https:/ /www.naturalearthdata.com/, (accessed
on 1 May 2020). City centres were defined as the centre of the most populated areas in
each city. Urban units are closed polygons around contiguous urban agglomerations. An
advantage of using this dataset is that it is based on a consistent algorithm implemented
on the MODIS land use satellite. It also consistently bounds global hotspots of human
habitation. This approach is also more appropriate than using administrative boundaries,
as the urban areas of many developing countries have expanded rapidly and do not always
map directly onto administrative jurisdictions. Administrative boundaries are also not
comparable across East Africa’s cities, and often do not include the full extent of the urban
areas [33].

We used the Global Surface UHI Explorer to quantify SUHI. The Global Surface UHI
Explorer is based on the Simplified Urban Extent (SUE) algorithm [45], which defines the
SUHI as the average LST difference between the urban and non-urban pixels, as classified
from spectral reflectance data, within an urban agglomeration or city [45].

The SUE uses the MODIS-derived LST data from TERRA (MOD11A2) and AQUA
(MYD11A2). After selecting clear-sky pixels with average LST error of less than or equal to 3
K for quality control, data estimated the LST at four local times: 01:30, 10:30, 13:30, and 22:30.
Day time and night-time SUHI varies according to different climate conditions, so we focus
on annual daytime and night-time SUHI here. Based on Global Multi-resolution Terrain
Elevation Data 2010 (GMTED2010), the SUE eliminated the influence of the elevation
differences, by filtering to only include those clusters with a mean elevation difference of
less than 50 m [45].

Data from the TERRA platform is available from February 2000 until the present, and
data from AQUA is available from July 2002 to the present. As data in the Global Surface
UHI Explorer version 3 was only available from 2003 to 2017, we chose the years 2003 and
2017 for observation [45].


https://www.naturalearthdata.com/
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The Welch’s Test (unequal variance) was conducted to see if two years of UHI are
significantly different. Welch’s Test is a modification of the Student’s ¢-test that performs
better than the Student’s t-test whenever sample sizes and variances are unequal between
groups, and gives the same result when sample sizes and variances are equal [46].

X1 — Xy
x= 12 1)
2 S?
A+

The degrees of freedom of the Welch t-test is estimated as follows:

2
E
N TN,

df = ) ; 2
<N%<Sl + )

Ni—1) = NZ(N-1)

Xj = sample mean,

Sj= = sample deviation,

N; = sample size, j € {1, 2}

We set a null hypothesis that 15 years of urban development did not change the UHI
intensity. We used Hedges’ g (the unbiased version of Cohen’s d) to compute the effect size
for different years” UHI with different sample sizes (n) [47], by adjusting the calculation of
the pooled standard deviation with weights for the sample sizes.

M — M,

*
sD pooled

Hedges'g = 3)

Mj; — M, = difference in means,

SD;;OOW = pooled and weighted standard deviation,

Overall this approach is identical to Cohen’s d with a correction of a positive bias in
the pooled standard deviation [48,49]. The result of Hedges’ g is represented by gHedge
in the subtitle of each plot in Tables 4 and 5 [50]. We draw on the suggestions of Cohen
(1988) for interpreting the magnitude of effect sizes, whereby intervals for Cohen’s d under
0: negative effect; 0 to 0.2: no effect; 0.2 to 0.5: small effect; 0.5 to 0.8: intermediate effect;
0.8 and higher: strong effect [48]. All the statistics analyses were undertaken in RStudio
using the function ggbetweenstats from R package ggpubr [51].

3. Results
3.1. Annual SUHI

The results of SUHI intensity in 2003 and 2017 are shown in Table 3, Figures 2 and 3.
The highest SUHI intensity in 2003 across the five cites was found in Kampala (tropical
rainforest climate zone), followed by Nairobi (subtropical oceanic highland climate), Dar
es Salaam (tropical savannah climate) and Addis Ababa (subtropical oceanic highland
climate). Notably, Khartoum (warm desert climate) has a daytime SUHI of below zero,
indicating that the city was cooler than its surrounds. This SUHI sequence demonstrated a
slight change in 2017, when Kampala (tropical rainforest climate) still exhibited the highest
annual UHI intensity but Dar es Salaam (tropical savannah climate) rose to second place
followed by Nairobi (subtropical oceanic highland climate). The annual SUHI intensity
for Addis Ababa (subtropical oceanic highland climate) had become the lowest except for
Khartoum which was still showing to be a UCI in 2017, with a below zero daytime SUHL
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Table 3. SUHI intensity during daytime and night-time in the study cities in 2003 and 2017. The n
value is the number of UHI pixels.

Annual Daytime SUHI (°C) Annual Night-Time SUHI (°C)
2003 2017 2003 2017
Cit SUHI SUHI SUHI SUHI
y Intensity Intensity Intensity Intensity
Khartoum 446 —0.44 640 —0.34 446 1.01 640 1.1
Addis Ababa 131 0.17 254 0.42 131 0.25 254 —0.13
Kampala 240 2.21 285 1.93 240 1.02 285 0.82
Nairobi 42 1.73 242 0.57 42 0.93 242 0.43
Dar es Salaam 131 0.89 173 1.85 131 0.26 173 0.3
25
2003 annual daytime SUHI
m 2017 annual daytime SUHI
Zr 2003 annual night-time SUHI
2017 annual night-time SUHI
15
9
21t
2
[
E
T 05 f
’ I
[92]
L
-05 +

Khartoum Addis Ababa Kampala Nairobi Dar es Salaam
Figure 2. Daytime and night-time SUHI spatial distribution of each city in 2003 and 2017.

For annual night-time SUHI intensity in 2003, Kampala (tropical rainforest climate)
still had the highest SUHI intensity. This was followed closely by Khartoum (warm desert
climate), Nairobi (subtropical oceanic highland climate), Dar es Salaam (tropical savannah
climate) and Addis Ababa (subtropical oceanic highland climate). In 2017, Khartoum
(warm desert climate) showed the highest night-time SUHI intensity, followed by Kampala
(tropical rainforest climate), Nairobi (subtropical oceanic highland climate), Dar es Salaam
(tropical savannah climate) and then Addis Ababa (subtropical oceanic highland climate).

For all five cities, SUHI intensity and magnitude varied with time. In 2003, annual
daytime UHI intensity observations were —0.44 °C in Khartoum, 0.17 °C in Addis Ababa,
2.21 °Cin Kampala, 1.73 °C in Nairobi and 0.89 °C in Dar es Salaam. Annual night-time
SUHI intensity in 2003 was —1.01 °C in Khartoum, —0.25 °C in Addis Ababa, 1.02 °C in
Kampala, 0.93 °C in Nairobi and 0.26 °C in Dar es Salaam. In 2017, annual daytime SUHI
intensity observations from GEE were —0.34 °C in Khartoum, 0.42 °C in Addis Ababa,
1.93 °C in Kampala, 0.57 °C in Nairobi and 1.85 °C in Dar es Salaam. Annual night-time
SUHI intensity in 2017 was 1.1 °C in Khartoum, —0.13 °C in Addis Ababa, 0.82 °C in
Kampala, 0.43 °C in Nairobi and 0.30 °C in Dar es Salaam.
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Daytime SUHI 2003 Daytime SUHI 2017  Night-time SUHI 2003  Night-time SUHI 2017
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Figure 3. Daytime and night-time SUHI spatial distribution in each city in 2003 and 2017.

Addis Ababa, Kampala, Nairobi and Dar es Salaam demonstrate positive daytime
SUHI intensity in 2003 while Khartoum, located within the warm desert climate, was found
to demonstrate a surface urban cool island (SUCI) effect. In 2017, Kampala, Nairobi and
Dar es Salaam still demonstrate a positive daytime SUHI intensity, while Addis Ababa
shows a SUCI, as does Khartoum. All cities had positive night-time SUHI in 2003. This was
true in 2017, except for Addis Ababa. The urban areas located in the humid subtropical
climate changed from displaying a SUHI to SUCI. In 2003 and 2017, Kampala presents the
highest daytime SUHI intensity and Khartoum demonstrates the lowest daytime SUCI.
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In contrast, Khartoum shows the highest SUHI intensity for the night-time while Addis
Ababa has the lowest night-time SUHI intensity in 2003 and 2017.

Figure 3 shows the distribution of daytime and night-time SUHI intensity and mag-
nitude in 2003 and 2017 for each of the five study areas. Compared to 2003, the urban
area affected by SUHI has increased. For Khartoum, this area increased by 43.5%, from
44,600 ha to 64,000 ha. In Addis Ababa, the SUHI-affected area rose from 13,100 ha in 2003
to 25,400 ha in 2017, presenting a 93.9% increase. The largest change in the aerial extent
of SUHI affected areas was for Nairobi, growing from 4,200 ha to 24,200 ha; an increase
of 476.9%. Changes were smallest in Kampala (24,000 ha to 28,500 ha; 18.8%) and Dar es
Salaam (6.8% from 16,200 ha to 17,300 ha).

From 2003 to 2017, the strength of SUCI in central areas of Khartoum, Nairobi and Dar
es Salaam increased and the SUHI affected areas gradually expanded from the urban centre
to the surrounding area. In Addis Ababa and Kampala, the SUHI intensity strength in
central urban areas decreased and the affected areas reduced. In particular, in Kampala, the
annual daytime SUHI intensity centre fragmented. There were two subsidiary SUHI centres
in 2003, which became four separated SUHI centres, surrounding the urban area centre.

Annual night-time SUHI in Khartoum was positive and stronger than in other study
cities. In 2003, the SUHI centre was located in the north west, and then moved toward the
east, and in 2017 there were two SUHI centres in Khartoum located on the east side and
middle west, divided by White Nile river. In 2003, the major SUHI centres in Addis Ababa
and Nairobi were located south east of the cities, and their SUHI affected areas expanded
and intensified in 2017. Night-time SUCI effect areas also expanded and intensified in 2017.
Addis Ababa’s SUCI expanded toward the urban north west, the same as the daytime
SUHI expansion trajectory. However, Nairobi’s night-time SUCI mostly expanded to the
west, differing from the SUCI and daytime SUHI which appeared in north west side of the
city. Compared to 2003, the area of the central city experiencing an annual night-time SUHI
in Kampala shrank in 2017. However, as a whole a larger area of the city was affected by
night-time SUHI. Night-time SUHI affected a larger area in Dar es Salaam in 2017, in a
similar way to changes in daytime SUHI.

3.2. Summary Statistics

Figures 4 and 5 present daytime and night-time SUHI value distributions for each city
in 2003 and 2017. A summary of annual mean, Welch'’s Test, and Hedges’ g is provided in
Tables 4 and 5. For Khartoum’s urban areas located in a warm desert climate, the annual
daytime SUHI was less intense than the night-time SUHI in 2003 and 2017. Daytime SUHI
intensity increased significantly in Khartoum’s urban areas over the last decade and a
half, even though the expansion of urban areas over time would amplify the SUCI [39].
For Addis Ababa and Nairobi, both located in a humid subtropical climate, the annual
daytime SUHI intensity was less than the night-time intensity in 2003, and the annual
daytime SUHI intensity was more pronounced than the night-time intensity in 2017. For
Nairobi, also located in a humid subtropical climate zone, the annual daytime and night-
time SUHI intensities were greater than the night-time intensity both in 2003 and 2017.
For Kampala and Dar es Salaam, annual daytime SUHI intensity was greater than the
night-time intensity in 2003, and the annual daytime surface UHI intensity is stronger than
the night-time intensity in 2017.
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Khartoum Addis Ababa Nairobi Kampala Dar es Salaam
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(n=446) (n=640) (n=131) (n=254) (n=42) (n=242) (n=240) (n=285) (n=131) (n=173)

Figure 4. Daytime SUHI value distributions for each city in 2003 and 2017. The boxplots show the distribution of daytime
SUHI in 2003 and 2017 in the five cities. The rectangle showing the ends of the first and third quartiles and central line the
median. The n value under the x-axis is the number of SUHI pixels.

Khartoum Addis Ababa Nairobi Kampala Dar es Salaam
5
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&
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L
0 1
L]
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2003 2017 2003 2017 2003 2017 2003 2017 2003 2017
(n=446) (n=640) (n=131) (n=254) (n=42) (n=242) (n=240) (n=285) (n=131) (n=173)

Figure 5. Night-time SUHI value distributions for each city in 2003 and 2017. The boxplots show the distribution of
night-time SUHI in 2003 and 2017 in the five cities. The rectangle showing the ends of the first and third quartiles and
central line the median. The n value under the x-axis is the number of SUHI pixels.

Table 4. Summary of annual daytime SUHI intensity statistics.

Daytime SUHI Intensity (°C)

City Maximum Minimum Annual Mean Welch’s Test Hedges’ g
2003 2017 2003 2017 2003 2017
Khartoum 2.94 3.51 —8.91 —9.76 —0.44 —0.34 —-0.79 p=043 —0.05
Addis Ababa 2.6 2.08 —4.28 —10.39 0.17 —0.42 3.45 p=0.001 0.36
Kampala 5.9 4.38 —-1.93 —2.99 2.21 1.93 1.93 p=0.054 0.17
Nairobi 3.35 4.96 —2.36 —5.68 1.73 0.57 4.86 p < 0.001 0.65

Dar es Salaam 3.59 5.15 —4.07 -3.49 0.89 1.85 —4.39 p <0.001 —0.48
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Table 5. Summary of annual night-time SUHI intensity statistics.

Night-Time SUHI Intensity (°C)

City Maximum Minimum Annual Mean Welch’s Test Hedges' g
2003 2017 2003 2017 2003 2017
Khartoum 2.43 2.77 —1.38 —-1.42 1.01 1.1 -1.63 p=0.103 —0.1
Addis Ababa 1.64 1.29 —1.64 -3.03 0.25 —0.13 492 p < 0.001 0.47
Kampala 2.55 2.21 —0.82 0.79 1.02 0.82 3.12 p =0.002 0.27
Nairobi 1.64 1.63 0.06 -1.82 0.93 0.43 6.91 p <0.001 0.8
Dar es Salaam 091 1.05 -1.09 —0.46 0.26 0.30 -1.22 p=0225 —0.13

From Table 4, Welch t-tests confirm that there was no statistically significant difference
between 2003 and 2017 in terms of annual daytime UHI intensity for Khartoum and
Kampala (p > 0.05). However, there is highly statistically significant difference between
2003 and 2017 annual daytime SUHI intensity in Addis Ababa (p = 0.001), Nairobi (p < 0.001)
and Dar es Salaam (p < 0.001). The negative Hedges’ g indicates that 15 years of land use
change caused a negative effect in SUHI growth in Khartoum (Hedges’ g = —0.05) and Dar
es Salaam (Hedges’ g = —0.48). Different positive Hedges” g values indicate no size effect
in Kampala (Hedges’ g = 0.36), a small effect in Addis Ababa (Hedges” g = 0.36) and an
intermediate effect size in Nairobi (Hedges’ g = 0.65).

For night-time SUHI (Table 5), Welch t-tests indicate that there is no statistically signif-
icant difference between 2003 and 2017 annual night-time SUHI intensity for Khartoum
and Dar es Salaam (p > 0.05). However, the difference between the 2003 and 2017 annual
night-time SUHI intensity is statistically significant (p < 0.05) for Kampala. There is a
highly statistically significant difference between the 2003 and 2017 annual daytime SUHI
intensity in Addis Ababa (p < 0.001) and Nairobi (p < 0.001). The negative Hedges’ g
indicates that 15 years of land use change negatively affected SUHI growth in Khartoum
(Hedges” g = -0.1) and Dar es Salaam (Hedges” g = -0.13). Different positive Hedges’ g
values indicate there is a small effect in Addis Ababa (Hedges” g = 0.47) and Kampala
(Hedges’ g = 0.27), and an intermediate effect size in Nairobi (Hedges’ g = 0.8).

4. Discussion
4.1. Climate Zones

The spatial and temporal heterogeneity of the SUHI effect in East Africa is explic-
itly delineated in this study. Generally, the climate effects on SUHI could be explained
by the differences in soil moisture [3,52]. The hot-wet cities (i.e., Kampala and Dar es
Salaam) normally present higher soil moisture contents compared with desert cities (i.e.,
Khartoum) [53] and exhibit larger urban—rural differences in soil moisture, resulting in
higher daytime and lower night-time LST differences between urban and surrounding rural
areas (i.e., UHI), thus amplifying SUHI differences between day and night. In addition,
climate indirectly affects UHI intensities through regulating vegetation conditions, surface
albedo, and anthropogenic heat emissions [54]. This partly explains why Khartoum (warm
desert climate) presented a SUCI effect during the daytime, but a positive SUHI at night.
Vegetation in the Khartoum urban area compared to bare land in the rural buffer is a
possible contributor to the negative annual daytime SUHI [55]. The reversal of the SUHI
diurnality in desert cities has been reported elsewhere, e.g., in Las Vegas [56] and Abu
Dhabi [57]. During 2003 and 2017, almost all the annual mean SUHI intensities of the cities
fit the distribution of decreases with latitudinal increases, except Khartoum and Dar es
Salaam. Chakraborty similarly notes latitudinal variation in surface UHI for daytime and
night-time [45].

While previous authors [45] used a global analysis algorithm to analyse multiple
cities in East Africa in an attempt to develop a standardized data collection approach our
research offers additional insight through our statistical analysis. This allows us to extend
existing work. Generally, our results in East Africa show the arid urban areas present the
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highest SUHI intensity for night-time, consistent with [45] and [58]. Peng [58] identified the
range of annual SUHI intensity in Africa as being from —0.2 (°C) to 2.0 (°C) for daytime,
and 0.4 (°C) to 1.4 (°C) for night-time. Our results fall outside of this range, spanning —0.44
(°C) to 2.21 (°C) for day-time and —0.13 (°C) to 1.1 (°C) for night-time. These differences in
findings may be down to the selection of different study periods and different land cover
data, LandScan from Natural Earth was used by [43] while MODIS Global Land Cover
Map was used by [56].

Similar to findings in previous investigations, mean annual daytime SUHI intensities
were higher than mean night-time SUHI intensities in most cities. A study in South America
found that the mean daytime SUHI intensities was higher than the mean night-time SUHI
intensities in all areas except for the arid climate zone [59]. The southeast of China also
presents stronger SUHI in the daytime than night-time [60], but the annual mean SUHI
intensity was apparently weaker in arid northwest China’s cities [6]. The differences
between daytime SUHIs and night-time SUHIs are probably because the mechanism
of daytime heat island formation is different from that at night. The daytime SUHI was
generally explained as the result of an increase in sensible heat flux and a reduction in latent
heat flux due to widespread vegetated and evaporating soil surfaces being encroached
by impervious surfaces [6], while the release of more stored energy in the urban areas
compared to adjacent areas major contribute to night-time SUHI [6]. Compared to 2003,
some parts of the cities had a stronger SUHI while some places had a stronger SUCI
effect in 2017. This means the temperature differences of all the cities were becoming
stronger compared to in the past. Given projected climate changes for East Africa [28],
temperatures in large parts of East Africa will continue to rise during the 21st century.
This suggests that these already intensified SUHIs will become more complicated. The
important role of climate conditions and their diurnal variations in SUHI intensity should
not be ignored [6,61] but the changes are also inadequately explained by a focus on climate
zones alone.

4.2. Urbanisation Pattern

SUHI intensity and magnitude change is also associated with urban development
patterns [19], with built-up areas being one of the most important land-cover types in
urban areas, and expected to have a significant effect on SUHI [60].

For the case study cities, the pattern of urban expansion and densification explains
the change of SUHI intensity to some extent [19]. In Dar es Salaam, there is a highly
statistically significant difference (Welch’s Test, p < 0.001) in annual daytime SUHI between
2003 and 2017, with a negative size effect (Hedges” g = —0.48). The statistical results could
be explained by the densification of Dar es Salaam. Previous research has also pointed
out that Tanzania’s urban built-up densities and informal settlements have been growing
persistently in recent decades [62].

The urban growth of Addis Ababa and Nairobi reflect an urban expansion develop-
ment pattern. From 2003 to 2017, the SUHI influenced areas of Addis Ababa expanded from
13,100 ha to 25,400 ha, with a 93.9% increase. The mean annual daytime and night-time
SUHI intensity of Addis Ababa presented a highly statistically significant decrease (Welch’s
Test, p < 0.001) from 2003 to 2017, but the maximum annual SUHI was higher and the
minimum SUHI became lower in 2017 compared to 2003. Similarly, Nairobi is experiencing
fast urban expansion. The annual SUHI magnitude of Nairobi saw the greatest changes
among the five cities, growing from 4200 ha to 24,200 ha with an increase of 476.9%. The
mean annual daytime and night-time SUHI also presented a highly statistically significant
decrease (Welch’s Test, p < 0.001) between 2003 and 2017. In particular, the Hedges’ g
values for Nairobi indicate an intermediate size effect in the daytime (Hedges’ g = 0.65) and
strong size effect (Hedges’ g = 0.8) in the night-time. In other words, these two cities were
experiencing rapid expansion with some places getting hotter and some places getting
cooler. Researchers have already pointed out that the built-up area of Addis Ababa and its
surrounding towns is expanding into the peri-urban region [63]. This development not only
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influences the SUHI intensity but also leads to high losses of farmland, directly influencing
food production for the urban populations [64]. The urban growth in Nairobi was at the
cost of bare land (land without any cover as well as deserts), showing a star-shaped pattern
along the main transport routes from the city centre [65].

The statistical analysis could indicate the urban development of Kampala and Khar-
toum followed a more comprehensive pattern, with urban expansion accompanied with
densification. For these two cities, there is no significant difference in annual daytime SUHI
between 2003 and 2017, with no effect or negative size effect (both Hedges’ g < 0.2). There
is no highly significant difference in annual night-time SUHI between 2003 and 2017, with
no effect or a small size effect (Hedges’ g < 0 or 0.2 < Hedges’ g < 0.5).

Which kind of urban development pattern is best for the development of cities to
reduce any increase in SUHI intensity is still unclear. From this study, we suggest that a
compact city will face enhanced SUHI, while an overexpanding city will mitigate mean
annual SUHI but cause local thermal anomalies. In Africa, urbanisation has not frequently
been associated with economic development and improvements in wellbeing [66], although
urbanisation can offer many development opportunities for countries if well managed.
Consequently, it is important that further urban development occurs in a way that is
beneficial to people, and which does not exacerbate risks associated with climate change,
such as increased exposure to temperature extremes.

Policy makers and city planners should pay more attention to one of the main vari-
ables influencing rapid urbanisation in Africa: natural rural-urban migration [67]. People
migrate to urban areas primarily in response to perceived better employment and eco-
nomic opportunities available there (pull factors); they also migrate to escape unfavourable
conditions exacerbated by rural challenges and climate change (push factors) [68]. The
IPCC pointed out that climate change could influence the size and characteristics of human
settlements in Africa owing to the scale and type of rural-urban migration are partially
driven by climate change [69].

Fast urbanisation sometimes implies a shift of poverty levels from rural areas to urban
areas, which is why we see poverty characteristics often align with settlement patterns
in African cities, with informal settlements showing particular growth. In Dar es Salaam,
over 70% of the estimated 2.4 million inhabitants lived in informal settlements in 2000 [70],
with this number projected to increase to 80% in the coming decades [71]. Such settlements
often experience elevated heat exposure [45,72], as well as other environmental risks, such
as greater exposure to pollution [44]. In informal settlements in Nairobi, temperatures reg-
ularly exceed temperatures at the central, non-slum monitoring station by several degrees
or more [73]. The extra heat exposure experienced by residents of informal settlements,
is mainly due to their dense population, tin housing and little vegetation, showing the
importance of building materials in contributing to UHI effects. In Kampala, millions of
urban inhabitants will live in informal areas by 2030 with high potential for them to suffer
from epidemiological diseases related to unsanitary conditions [74]. It is also important
to note that urban areas in Africa contain a large proportion of the people who are mi-
grating from rural areas because of climate change impacts, in combination with other
factors. Policymakers should consider designing UHI adaptation strategies to minimise its
impacts on the most socioeconomically vulnerable populations in informal settlements,
who may be less equipped to adapt to environmental stressors. Promoting green space in
lower-income neighbourhoods is one appropriate urban strategies that policymakers may
adopt to ameliorate some of UHI’s inequitable burden on economically disadvantaged
inhabitants [72], while encouraging use of building materials with higher heat reflectance
offers another strategy (this is explored further below). Improving support for climate
change adaptation in the rural source areas of urban immigrants may also be a suitable
strategy for policymakers to pursue.
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4.3. Climate Change and Urbanisation

Urban areas consume over two-thirds of the world’s energy and account for more
than 70% of global CO2 emissions [75]. Moreover, 90% of urban growth will take place
in less developed regions in the coming decades [76], where urbanisation is generally
unplanned, fuelling the continuous growth of mostly poor informal settlements in areas
such as East Asia, South Asia and sub-Saharan Africa [76]. One billion urban inhabitants
are projected to live in informal settlements, where the impact of climate change is most
acute [77]. The current urban development deficiency in a form of infrastructure shortfalls,
brings opportunities to “leapfrog” to low or zero-emission systems and structures [77]. This
implies that a major reconceptualisation of countries” approaches to urban development
could still be undertaken. As the World Migration Report [78] notes, about two-thirds of
the investments in urban infrastructure to 2050 in Africa have yet to be made, offering an
opportunity to manage the urbanisation trends in a way that could harness the benefits
of rapid urbanisation while reducing the risks. Combining multiple UHI mitigation and
adaptation strategies may effectively negate the localised temperature increasing due to
both UHI and climate change [72,79].

Many researchers have noticed the relationship between urban morphology and
the UHI intensity [7,80]. The morphological characteristics of the city such as building
height, building density, road width and orientation may affect the heat balance in ur-
ban canyons [80]. In Dar es Salaam, scattered settlements provided better temperature
regulation services than other residential configurations due to their urban morphology
characteristics, since former are associated with relatively large proportions of green struc-
tures [81]. The negative relationship between distance from the city centre and SUHI
intensity was detected in Addis Ababa [82]. As noted above, the characteristics of housing
materials also influence the SUHI intensity, with different housing types providing different
insulation properties and protecting from heat and cold to different extents, even directly
impacting on temperature-related mortality [83]. Analysis suggests that traditionally con-
structed housing provides more protection from heat than formal low-cost housing [83].
This should not be ignored in future African cities development, where the focus is often on
upgrading unplanned or informal settlements from traditionally constructed housing [81].

There were various synergies between heat wave and UHI as the varied spatially
based on urban development patterns and geographic conditions [84]. Many countries and
region have developed other kinds of UHI mitigation strategies for urban development, and
beyond looking at entire cities” development, it is important to take the climate condition
and climate projections into account at the local scale. For example, in a predominantly
alpine climate country Austria, the ADAPT-UHI project developed tools by mapping the
potential UHI risk index, modelling different adaptation scenarios, and evaluating and
rating cities” quality of existing green and blue infrastructure [81]. Researchers help city
planners make decisions on climate change adaptation and minimize the effects of UHI
in the future. In the hot desert climate city of Phoenix, Arizona, researchers found that a
warming climate was detected to aggravate the interaction between UHI effect and heat
waves, while the amplified temperature-exacerbated UHI effect can be almost completely
offset by adopting a widespread green roof strategy [85]. In Kampala, a project “Promoting
Green Urban Development in Africa: Enhancing the Relationship Between Urbanization,
Environmental Assets and Ecosystem Services” conducted under the leadership of the
World Bank [86], seeks to conserve the environment as urbanisation proceeds. Addis Ababa
is trying to incorporate green infrastructure areas for “multifunctional uses”, in order to
address stormwater management, UHI mitigation, air filtration, and preservation of urban
agriculture [87]. These various approaches offer opportunities for East African cities
but require proactive policies and a multi-sector approach to city development [86-88].
Studies of projects that pursue climate compatible development (CCD) in Malawi, South
Africa, Tanzania, India and Kenya have revealed such a framework that advances triple-
wins across development, mitigation and adaptation within the developing world is
feasible [89-92].
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Anticipated additional climate variability and change could further exacerbate disease
incidence and spread in East Africa [69]. In East Africa’s highlands above 2000 m altitude,
environmental conditions currently do not support malaria transmission. Due to climate
change, these areas will experience increased malaria [93]. The changing weather conditions
may increase the spread of Rift Valley fever (RVF) virus and could also introduce the RVF
virus into domestic animal populations [94]. When considering the use of blue green
infrastructure within city development to mitigate UHI effects, local governments should
rationally allocate vegetation and water configurations to avoid creating habitats suitable
for viral vectors. In addition, for specific climate zones, such as the desert climate zone,
understanding its UCI effect (or oasis effect) in urban areas located is important [55]. More
than 90% of the global population residing in deserts and dryland are located in developing
countries with high rates of rural to urban migration, indicating that rapid growth in desert
cities is likely [95], suggesting further research in this area is urgently needed.

4.4. Uncertainty, Limitations and Further Considerations

Our research has focused only on the annual UHI. This decision was made primarily
due to the different classification of seasons in Africa between study countries. For com-
parability we therefore chose to present the annual UHI trends in our study cities. We
recognise that there may be specific climate features of each selected study year, and our
results can only represent the differences between those two selected years. This provides
important insights but from the analysis undertaken, we cannot make robust claims about
long-term change [45].

Topography, morphology and biodiversity, are well known to influence UHI effects
but were not directly measured in this research [96]. We have nevertheless identified their
potential contributions when explaining our results. As with all UHI modelling approaches,
the model output’s reliability is strongly reliant on the definition and boundary-setting
of urban areas. In particular, there remain challenges in integrating data from the Global
Surface UHI Explorer with the global-scale Landscan urban extent dataset, as in terms of
missing data for certain months or years, limiting the ability to explore dynamic changes
in SUHI associated with urbanisation.

Despite these limitations, this paper has contributed novel empirical information and
applied a method that enables comparison across different East African cities, offering an
approach that is widely applicable. The method can be used to identify changes in smaller
African cities as well as the capital cities considered in this research. Such insights would be
particularly valuable in smaller cities where urbanisation is most rapidly accelerating [1].

5. Conclusions

The ongoing effects of UHI in rapidly urbanising cities, further exacerbated by global
climate change, have intensified heat stress for countless urban inhabitants, especially those
who are most vulnerable during heatwave events. We investigated the SUHI in five East
African study cities across various climate zones in 2003 and 2017. SUHI intensities differed
between day and night, and mean annual daytime SUHI intensities were higher than
the mean night-time SUHI intensities in most cities. Results revealed that the differences
in climate conditions and urban development patterns had a significant impact on the
changes to the SUHI. Policy makers and city planners should consider UHI mitigation
strategies, taking into account climate conditions, projected climate changes and urban
development patterns, as well as the implications of informal settlement growth. Blue and
green infrastructure, in general, constitutes an essential means for mitigating urban heat
and enhancing human comfort, but this needs to be carefully planned to avoid negative
impacts linked to human wellbeing and the spread of disease.
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