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ABSTRACT 

Urbanisation poses a major challenge for global sustainability because urban areas 

drive environmental change and the global population of urban dwellers is expected to 

continue to grow rapidly. Vegetation phenology, which is the study of the timing and 

duration of plant development phases, is important for monitoring the effects of 

urbanisation and the spatial variability of urban vegetation ecosystem and provisioning 

functions. Moreover, studies on the impact of the urban heat island effect on 

phenology can be a useful way for understanding the impacts of climate change. 

However, although the drivers of phenology in cities in temperate climates are well 

understood, vegetation phenology in the tropical city context is less studied and poorly 

resolved. Phenology in tropical cities would particularly be useful because urban 

residents rely strongly on vegetation for ecosystem and provisioning functions such as 

urban agriculture and regulation of all year round high temperatures. Linked to this is 

the fact that tropical cities are expected to have a high risk of exposure to the impacts 

of climate change which vegetation cover could minimise. However, tropical 

developing cities are experiencing the fastest rates of urbanisation around the world 

characterised by high losses of vegetation cover. This creates an urgent need for 

empirical studies on vegetation dynamics in tropical cities that cover a wide range of 

tropical climate types and urbanisation practices, including sub-Saharan Africa that is 

largely underrepresented in the urban ecology literature. 

This study quantifies the effects of urbanisation and urban climate on vegetation 

phenology in the tropical city of Kampala, Uganda (sub-Saharan African) using a wholly 

empirical approach that assesses phenology at the landscape and tree species levels. 

The specific objectives of the study include the following: (1) examining the influence 

of the urban heat island effect on landscape phenology; (2) investigating the 

spatiotemporal dynamics of urban climate during the wet-dry season transition; (3) 

investigating the sensitivity of canopy phenology to local environmental settings.  

This study showed that increase in surface temperature associated with the Urban 

Heat Island (UHI) resulted in shorter vegetation growing seasons at the landscape 

scale. Also, the magnitude of spatial variability in the UHI and Urban Dryness Island 

(UDI) was dependent on moisture availability and increased with the advancement of 

the dry season. Therefore, the influence of land cover composition on the UHI and UDI 

varied between seasons and was greatest during the dry season. With regard to the 

phenology of individual trees, a stronger UHI resulted in high leaf loss which equates to 

shorter growing seasons observed at the landscape scale. Moreover, the dynamics of 

canopy cover change varied between species. 
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These findings about the effect of the UHI in tropical cities contrasts with the 

established knowledge in temperate cities were stronger UHIs lead to longer growing 

season lengths. Therefore, urban planning policies geared towards lengthening the 

vegetation growing season by minimising the UHI and UDI intensity ought to be 

adopted to maximise the benefits of vegetation for the attainment of sustainable 

urban development. 
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 RESEARCH IN CONTEXT  CHAPTER 1.

1.1 Landcover change and climate feedback 
The flow and exchange of energy and materials such as trace gases, nutrients and 

water between the atmosphere and biosphere is bidirectional (Hungate and Koch, 

2015; Suni et al., 2015). This interaction occurs at different temporal and spatial scales 

with different implications at each scale (Field et al., 2007). Understanding the 

consequences of the changes to the dynamics of energy and material flow between 

the terrestrial biospere and atmosphere is crucial for enacting environmentally 

sustainable land use practices. 

The rapid growth of the human global population and increase in demand for energy, 

water, food, fibre and shelter has profoundly changed the earth’s surface (Vitousek et 

al., 1997; Foley et al., 2005). Over exploitation of natural resources through the 

increase of agricultural and urban areas have been accompanied by increase in 

consumption of water and energy (Vitousek et al., 1997; Foley et al., 2005). In turn, 

partitioning of energy between the atmosphere and biosphere and biological 

production and consumption of trace gases has been altered. The main agents of this 

change include: biodiversity loss, species invasion, land use and land cover change, 

climate change, rising atmopsheric CO2, acid rain and increased nitrogen deposition 

(Hungate and Koch, 2015). 

The conversion of natural forests and savannas into grassland and farm lands in the 

tropics has led to increase in temperature, wind speed and decline in rainfall and 

relative humidity (Hoffman and Jackson, 2000; Hoffman, Schroeder and Jackson, 2002; 

Duveiller, Hooker and Cescatti, 2018). Moreover, these conditions have led to an 

increase in fire frequency which in turn further reduces cloud formation and 

precipitation and enhances further losses of tree cover density (Hoffman and Jackson, 

2000; Field et al., 2007). Hoffman, Schroeder and Jackson, (2002) observed significant 

increases in the frequency of dry periods within wet periods and a 10% decline in 

precipitation in tropical Africa. These changes were observed to damage shallow 

rooted plants and to affect albedo and roughness length (duration of season) 
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triggering an increase in air temperature by 0.5°C. Using global data, Duveiller, Hooker 

and Cescatti, (2018) observed increases in local surface temperature of up to 0.23°C 

resulting from recent conversions of natural vegetation cover to agricultural land use 

between 2000 and 2015. The loss of deeper rooted plants diminishes latent heat flux 

and increases sensible heat (Hoffman, Schroeder and Jackson, 2002). However, 

changes in land cover and land use through urbanisation represent an even more 

extreme form of land cover and land used change. 

1.1.1 Urbanisation and urban climate 

Urbanisation ranks highly among the primary drivers of environmental change at local, 

regional and global scales (McDonnell and Pickett, 1990; Grimm et al., 2008; McCarthy, 

Best and Betts, 2010; Pickett et al., 2011; Wu, 2014). Urban areas and the global 

population living in cities is expected to increase to 60% in 2030 from current 

estimates of 55% (United Nations, 2018). This should in turn exacerbate the 

environmental change attributed to cities. Moreover, greater margins of growth in size 

of cities and number of urban dwellers is expected to occur in Asia and Africa (United 

Nations, 2018) where change in land cover and land use has already caused 

detrimental effects on the environment (Hoffman and Jackson, 2000; Hoffman, 

Schroeder and Jackson, 2002; Duveiller, Hooker and Cescatti, 2018). 

Urban areas are renowned for the Urban Heat Island (UHI) effect where urban areas 

experience significantly higher temperatures than their rural surroundings (Heisler and 

Brazel, 2010; Roth, 2012). This phenomenon results from contrasts in the release of 

anthropogenic heat; the capture and storage of incoming solar radiation; and less 

radiative cooling in urban areas (Landsberg, 1981; Oke, 1987). Impervious surfaces and 

a high density of buildings strongly absorb and retain heat and slowly release stored 

heat. Rural areas, on the other hand, have a low thermal admittance and high heat loss 

through evapotranspiration due to high vegetation and pervious surface cover (Roth, 

2007).  

Tied to the notion of the UHI, is the Urban Dryness Island Effect (UDI) which shows 

that urban areas have drier atmospheres (less humid) than their rural surrounding 

(Hage 1975; Ackerman 1978). The UDI is important for understanding moisture and 
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energy transfer dynamics in the near surface atmosphere with implications for 

vegetation development and thermal comfort (Jochner et al., 2013; Hass et al., 2017). 

In tropical cities where urban residents heavily depend upon vegetation for urban 

ecosystem services (Lindley et al., 2018) and  vegetation growth and development is 

dependent on water availability (de Camargo et al., 2018), studies about the UDI are 

necessary. However, the UDI effect to date remains less studied than the UHI effect 

(Hao et al., 2018, Luo and Lau, 2019). 

All cities that exhibit differences in surface cover and structure between urban and 

rural areas produce a city microclimate. Urban climate research is fast evolving to 

account for the connectivity of local urban features to acknowledge the combined 

effect of both surface and structural characteristics across space (i.e. the combined 

effect of vegetation, buildings and impervious combined) as opposed to quantifying 

the influence of individual land cover types (Stewart and Oke, 2012). This enables 

systematic studies to be done across multiple cities for cross comparison and also to 

understand the implications of different urbanisation practices around the world 

(Stewart and Oke, 2012). 

Urban climate is connected to the regional climate (Roth, 2007) necessitating 

differentiating urban climate by region. Unlike temperate regions that have extreme 

seasonal changes in temperature, tropical regions experience warmer year-round 

temperatures. As of 2007, only 20% of urban climate research focussed on tropical 

cities (Roth, 2007) and, although the past decade has seen a significant upward trend 

in tropical urban climate research (Giridharan and Emmanuel, 2018), very few studies 

have been undertaken in tropical Sub-Saharan Africa (SSA). Therefore, there is a strong 

impetus for empirical investigations that exemplify the variety of tropical climate types 

and urbanisation practices, including sub-Saharan Africa which is underrepresented in 

the tropical urban ecology literature (Haaland and van den Bosch, 2015; Giridharan 

and Emmanuel, 2018). 



 

25 
 

1.2 Factors influencing tropical urban climate 

1.2.1 Morphology of cities 

Sub-Saharan Africa (SSA) is rapidly urbanising, and its urban population is expected to 

grow threefold from 400 million to 1.26 billion by 2050 (United Nations, 2014). In 

some African cities, polarised and spontaneous informal developments and 

heterogeneous urban morphology have resulted from resource constrained urban 

planning structures that are unable to cope with the overwhelming growth in human 

population and pressure for infrastructure (Antos et al., 2016; Pérez-Molina et al., 

2017; Lindley et al., 2018). In the context of this study, urban morphology refers to the 

spatial integration and linkage between human activities and natural processes 

(Pauleit et al., 2015). Although some research has been done examining the climate of 

some  African cities (e.g. Cavan et al., 2014; Scott et al., 2017), the number of cities 

studied remains low in comparison the number of African cities which differ in terms 

of urbanisation practices and morphology (Cavan et al., 2014; Antos et al., 2016). 

Consequently, urban climate studies that cover the extensive range of urban 

morphology and climate types of Africa are needed to fill the current knowledge gap. 

1.2.2 Importance of vegetation in Tropical African cities 

Vegetation in cities plays a vital role in regulating thermal comfort through radiative 

cooling (Taha, 1997; Dimoudi and Nikolopoulou, 2003; Cavan et al., 2014; Feyisa, Dons 

and Meilby, 2014), and it is posited to improve urban liveability in tropical African 

cities where temperatures are high all year round (du Toit et al., 2018). However, 

vegetation cover is being lost at an unprecedented rate in much of urban Africa (Yao et 

al., 2019), without a clear understanding of how this loss may affect the regulatory 

functions of vegetation (Cilliers et al., 2013; du Toit et al., 2018).  

1.2.3 Importance of water availability in tropical urban climate 

Tropical urban heat islands are weaker during the rainy season than the dry season 

indicating the role surface moisture plays in altering albedo (Chow and Roth, 2006). 

However, the wet-dry season dichotomy is simplistic and overlooks the continuum of 

subtle temporal changes in water availability from the wet season through to dry 

down. Moreover temporal change in moisture ought to vary among the tropical 

climate types which are distinguished by the amount of precipitation and moisture 
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availability (Roth, 2007; Giridharan and Emmanuel, 2018). Therefore, urban climate in 

tropical cities can ideally be represented according to the Köppen classification (Table 

1-1) to fully understand how dynamics of surface energy balance and UHI-induced 

plant water deficits (Zipper et al., 2017) vary within the tropics. Further discussions 

into the different moist tropical climates are presented under section 2.1.4.2.  

Table 1-1: Summary of the four main moist tropical climate types. Tropical climate under the Koppen 
classification consists of 4 main tropical climate types (Source: Kottek et al., 2006; Peel et al., 2007). 

Tropical 
climate type 

Description Example cities 

Tropical 
rainforest 
climate (Af) 

-High rainfall all year round (average rainfall of 60 mm each 
month) 
-Climates occur within 10° latitude of the equator 
-Lack of differences in day light hours and mean monthly 
temperature  

Kampala (Uganda), 
Singapore (Singapore), 
Surabaya (Indonesia) and 
Kuala Lumpur (Malaysia) 

Tropical 
savanna  
climate; 
grouped into 
Aw and As 
types  

- Aw: the dry season occurs during winter 
-Aw exhibit pronounced dry seasons with the driest month 
experiencing less than 60 mm precipitation 
 

Cancun (Mexico), Bangkok 
(Thailand), Mumbai (India) 
and Lagos (West Africa) 

-As: The dry season occurs during summer (when the days 
are longer) 

Mombassa (Kenya), Cali 
(Colombia), Chennai (India), 
Abidjan (Ivory Coast) 

, Tropical 
monsoon 
climate (Am) 

-Climate occurs mainly in the outer margins of the tropical 
zone greater than 10° latitude, but lower than the mid-20s 
latitude 
-Largely controlled by monsoon winds and a period of 
dryness that occurs after the winter solstice 

Monrovia (West Africa) and 
Jakarta (Indonesia), Kochi 
(India), Miami (USA) 

 

1.3 Vegetation phenology in tropical urban environments 
Vegetation phenology refers to the study of the seasonal timing of the different stages 

of plant growth and development (e.g. leafing and flowering), their magnitude and 

drivers (Fenner, 1998). Phenology is widely considered to be useful for environmental 

monitoring with applications ranging from monitoring terrestrial responses to climate 

variation (Abernethy et al., 2018), assessing variability in terrestrial productivity 

(Badeck et al., 2004); and evaluating the effects of land-use change (Zhang, Friedl, 

Schaaf, Strahler, et al., 2004). 

In temperate regions where phenology is sensitive to photoperiod and temperature 

after wintertime dormancy (Menzel et al., 2006; Zhang, Friedl and Schaaf, 2006), the 

UHI induces earlier starts of the vegetation growing season and results in longer 

seasons in urban than rural areas (Neil and Wu, 2006; Jochner and Menzel, 2015). 
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Other than temperature, the variability of other abiotic factors such as water 

availability have been observed to be strongly related to urban-rural (and intra-urban) 

phenological differences (e.g. Jochner et al., 2011; Buyantuyev and Wu, 2012; Walker, 

de Beurs and Henebry, 2015).  

In addition to there being a limited understanding of phenological processes in the 

tropics, the existing knowledge on tropical urban phenological processes is very limited 

(Jochner and Menzel, 2015) and emerges from two known studies (Gazal et al., 2008; 

Jochner, Alves-Eigenheer, et al., 2013). These studies compared the UHI effect on the 

timing of start of the vegetation growing season for select tree species between 

tropical and temperate cities (Gazal et al., 2008; Jochner, Alves-Eigenheer, et al., 

2013). Results from both studies suggest that the UHI effect has a more significant 

impact in temperate than tropical climates, and this might have resulted from 

differences in UHI intensities that are known to be weaker in tropical than temperate 

cities (Roth, 2007). However, relative humidity was observed to be an essential 

predictor of a few of the studied species (Gazal et al., 2008; Jochner et al., 2013). There 

is a need for more research into the sensitivity of other species not studied yet, and 

empirical studies that examine the mechanisms of relative humidity. Furthermore, 

given the strong importance of precipitation as a factor that triggers leaf flush and 

production (Williams et al., 1997; Clinton et al., 2014; de Camargo et al., 2018), studies 

that quantify the effect of the UHI ought to control for the effect of moisture 

availability. Moreover, the UHI is associated with increased evaporation and plant 

water requirements in temperate cities (Zipper et al., 2017). However, the combined 

effect of the UHI and soil moisture has not been studied yet in tropical cities. 

1.3.1 Deciduous nature of trees in tropical cities 

In natural environments, canopies of deciduous tropical trees undergo gradual leaf loss 

as moisture diminishes during the dry season (e.g. Williams et al., 1997; Condit et al., 

2000; Valdez-Hernandez et al., 2010; Dalmolin et al., 2015; de Camargo et al., 2018). 

The extent of canopy cover change varies with respect to trees species and the nature 

of the environment. In extremely stressed environmental conditions, the extent of 

canopy cover loss might impact upon the productivity of vegetation in successive 

growing seasons (Singh and Kushwaha, 2016) with consequences for the ecosystem 
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and climate feedback. Despite there being evidence that urban climate is 

heterogeneous within cities and that canopy cover is critical for climate regulation 

(Feyisa, Dons and Meilby, 2014), there is a limited understanding of spatial variability 

of canopy cover in tropical cities. The existing knowledge on the effect of urbanisation 

on phenology of tropical cities is derived from studies that have focused on the timing 

of start of budding season alone (e.g. Gazal et al., 2008; Susanne Jochner et al., 2013). 

The wide range of parameters for quantifying phenology including: start of season, the 

magnitude and intensity of an event (Fenner, 1998; Denny et al., 2014) ought to be 

exploited to gain an understanding of the sensitivity of trees to urbanisation and urban 

climate in the tropics. More about vegetation phenology and its drivers is discussed 

under section 2.2. 

1.3.2 Landscape phenology in tropical cities  

The collective response of vegetation to seasonal changes in local environmental 

settings demonstrated by changes in vegetation greenness is commonly referred to as 

landscape phenology (Liang and Schwartz, 2009; Morisette et al., 2009). Landscape 

phenology is inherently different from the phenology of individual species, and a 

holistic understanding of vegetation phenology necessitates the use of both 

approaches (Badeck et al., 2004; Jochner and Menzel, 2015). 

In cities experiencing cool temperate climates, the duration of the vegetation growing 

season declines along the urban-rural gradient, and is significantly long in heavily built-

up locations as a result of the UHI (White et al., 2002; Zhang, Friedl, Schaaf, Strahler, et 

al., 2004; Han and Xu, 2013; Dallimer et al., 2016; Zhou et al., 2016; Zipper et al., 2016; 

Melaas et al., 2016; Gervais, Buyantuev and Gao, 2017; Yao et al., 2017; Krehbiel, 

Zhang and Henebry, 2017; Li et al., 2017; Qiu, Song and Li, 2017; Parece and Campbell, 

2018; Ren et al., 2018). Equivalent understanding of these processes in the tropical 

context is unknown. There remains very little evidence of the impacts of urban form 

and the UHI effect on phenology in the tropics at both species and landscape scales. 

1.4 Thesis Aims and Contributions 
The overarching aim of this study is to identify and quantify the impacts of 

urbanisation and urban climate on vegetation phenology in Kampala Uganda, a tropical 
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city located in SSA. Kampala is an excellent case study city because it has a tropical 

equatorial climate and a wide range of urban form types from densely built-up to 

highly vegetated that typify several cities in tropical Africa and developing countries in 

general. 

This study examines vegetation phenology at both the landscape and species level. At 

the landscape, phenology is assessed with relation to variations in urban form types 

using the local climate zone classification (Stewart and Oke, 2012) and along an urban-

rural distance gradient and the associated differences in Land Surface Temperature 

(LST). At the species level, canopy phenology of two trees species (i.e. Jacaranda 

mimosifolia and Tabebuia rosea) is analysed with relation to urbanisation intensity, 

land cover composition and urban climate. The tree species were selected because 

they are sensitive to variation in local environmental settings in their natural habitats 

and were widely distributed across Kampala. Therefore, the thesis aims and objectives 

are as follows: 

 To examine the influence of the urban heat island effect on landscape 

phenology 

o To determine the vegetation phenological response resulting from 

increased distance from the city centre, and differences in local climate 

zone class 

o To assess the influence of increased distance from the city centre and 

local climate zone class on LST 

o To quantify the effect of temperature on the start, end and length of 

the vegetation growing season 

 To investigate the spatiotemporal dynamics of urban climate during the wet-

dry season transition 

o To determine the relationship between spatial differences in urban 

climate (air temperature and relative humidity) and fine temporal 

change in surface moisture from the wet season through to dry down 

o To assess the influence of land cover composition on urban climate 

between the wet and dry season 
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 To investigate the sensitivity of canopy phenology to local environmental 

settings 

o To assess the effect of urbanisation intensity on canopy cover change 

for Tabebuia and Jacaranda trees during senescence 

o To compare the sensitivity of the canopy phenology of Jacaranda and 

Tabebuia to urbanisation intensity 

o To quantify the influence of land cover and urban climate on the canopy 

phenology of Jacaranda and Tabebuia 

1.5 Research methodology 
The study involved a wholly empirical approach that combined remote sensing and 

ground monitoring. The details of the methods adopted in this study are in a 

comprehensive methodology chapter and precede each of the three main research 

outputs results presented in chapters four, five and six. A general overview of the 

methodology is summarised below. 

Firstly, a desk-based pilot survey and analysis using freely available satellite data was 

undertaken to characterise urban form and how it relates with LST and vegetation 

phenology. Phenology and LST data was derived for a limited period (i.e. 2013-2015) to 

minimise the effects of rapid land use and land cover change. The next step applied 

the knowledge gained on the relationships between urban form types, urban climate 

and phenology to design field monitoring of the local urban climate and the phenology 

of Jacaranda and Tabebuia trees from the wet to dry season between March and 

September 2017. This stage involved the selection of locations that typify the diverse 

range of urban structural differences from lightly to densely built-up areas. The 

investigation of urban climate with relation to land cover was treated separately from 

the assessment of the influence of land cover composition and urban climate on tree 

canopy phenology. The relationship between dependent and independent variables 

under each research objective were determined using regression analyses (i.e. mixed 

modelling, multivariate and univariate regression) and Information-Theoretic analysis. 
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1.6 Thesis structure 
This thesis is structured in the ‘alternative thesis format’ and consists of three chapters 

(4-6) that are presented in the journal format (see Figure 1-1). It is the intention to 

submit the results chapter as papers for publication in the autumn of 2019. A summary 

of the articles and intended journal for publication is as follows: 

Chapter 3/ Paper 1 Kabano, P., Lindley, S.J, and Harris, A.  (2019). “Evidence of 

Urban Heat Island impacts on landscape phenology in a tropical city” 

Intended journal: Science of the Total Environment 

Chapter 4/ Paper 2 Kabano, P., Harris, A., and Lindley, S.J. (2019). “Spatiotemporal 

dynamics of urban climate during the wet-dry season transition in a Tropical African 

City” 

Intended journal: Landscape and urban planning 

Chapter 5/ Paper 3 Kabano, P., Harris, A., and Lindley, S.J. (2019). “Sensitivity of tree 

canopy phenology to local environmental settings in a tropical city” 

Intended journal: Urban forestry and urban greening 

 

 

Figure 1-1: An outline of the thesis structure 
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Chapter 1 has summarised the background, justification, overarching aim and 

objectives of this study.  

Chapter 2 will provide a detailed review of the current knowledge on urban climate 

and vegetation phenology. The first part of this chapter will give a general overview of 

urban climatology and contextualise it to the tropics, by including pertinent and recent 

urban climate research in tropical cities. Further into this assessment will be a general 

overview of urbanisation in SSA and why it makes for a unique case for research into 

the dynamics of tropical urban climate. The second part will present a general 

overview of phenology and its differences between temperate and tropical climates 

leading to an evaluation of the current body of literature in the context of urban 

environments and prognosis of phenological processes in tropical cities. Given the 

striking lack of empirical studies on phenology in tropical urban environments, the 

broader literature on temperate urban phenology studies forms a great deal of the 

conceptual set-up for the final part of chapter 2. 

Chapter 3 provides the criteria for the choice of the study area, an outline and 

justification of the methodological approach used. This chapter includes details of the 

data acquisition techniques using remote sensing and field sampling and analysis used 

in this study. 

Chapter 4 investigates the spatial patterns of LST and how they influence the length of 

the growing season using satellite remote sensing 

Chapter 5 examines the spatiotemporal trends of urban climate and their main drivers 

using field monitoring techniques 

Chapter 6 assesses the sensitivity of canopy phenology of Tabebuia rosea and 

Jacaranda mimosifolia to land cover composition, air temperature, surface moisture 

and relative humidity 

Chapter 7 summarises the findings of the research and their broader significance. The 

chapter also presents suggestions for improving the study and recommendations for 

future research. 
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 LITERATURE REVIEW CHAPTER 2.

The overarching aim of this chapter is to explore the fundamental theory of urban 

climate (i.e. Urban Heat Island and Urban Dryness Island) and phenology and to situate 

this discussion in a tropical context where urban phenological research is strikingly 

lacking with only two known studies (Gazal et al., 2008; Jochner et al., 2013). The 

knowledge gaps emerging at the end of the review form the basis and justification for 

the overarching aim and research objectives of this thesis. 

2.1 Urban climate 
The climate of cities is distinguished from the climate of the surrounding less urbanised 

rural areas by differences of air temperature, humidity, amount of precipitation and 

wind speed and direction (Kuttler 2008). Most notable of the urban-rural climate 

differences is the urban heat island, where urban areas experience elevated near-

surface air temperature in comparison to the cooler rural surrounding (Landsberg, 

1981; Voogt and Oke, 2003; Heisler and Brazel, 2010; Kleerekoper, Van Esch and 

Salcedo, 2012; Zhou et al., 2015; Melaas et al., 2016). 

2.1.1 The Urban Heat Island (UHI) effect 

The Urban Heat Island (UHI) effect has a long history and the term was first coined in 

the 1940s (e.g. Balchin and Pye, 1947). The phenomenon itself was established much 

earlier in the early 19th century, by Luke Howard (Stewart, 2011). He was motivated to 

undertake meteorological observations due to a lack of advancement of the discipline 

in comparison to other well established disciplines of the time. Howard observed an 

“artificial excess heat” in London compared to its rural surrounding. Since Howard’s 

study, heat island studies have been published in hundreds of cities worldwide making 

it the most studied of climate effects of cities (Stewart, 2011). 

Voogt (2007) estimates that a large sized city of approximately 10 million inhabitants 

may experience an annual temperature  that is 1°–2°C warmer than its rural 

surrounding, and up to 12°C warmer on clear and calm nights (Voogt, 2007). More 

generally most cities are between 5-6 °C warmer than their rural surrounding (Oke, 

2012). The spatial distribution of temperature across the urban and neighbouring rural 
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areas forms island-shaped patterns of isotherms similar to elevation contours of an 

island on a map (Roth, 2012; Voogt, 2007). The UHI effect is characterised by a peak 

that is associated with the city centre, a large gradient at the city periphery (“cliff”), 

and lower values associated with less urbanised rural surroundings (Oke, 1982) as 

depicted in Figure 2-1.  

 

 

Figure 2-1: Typical sketch of an urban heat island profile (Oke, 1987) 

 

Figure 2-2: Temperature gains and losses as a consequence of differences in surface cover and 
structure between urban and rural areas that result in formation of the urban heat island. LATENT 
HEAT is the heat required to convert a solid or liquid to vapour without change in temperature. 
SENSIBLE HEAT is the heat exchanged by a thermodynamic system in which the exchange of heat 
changes the temperature of the system (Adapted from: Gorse et al., 2019) 
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The UHI effect mainly results from the differences in thermal admittance, and cooling 

between urban and rural areas and within urban areas (i.e. intra-urban) (Landsberg, 

1981; Voogt and Oke, 2003; Heisler and Brazel, 2010; Kleerekoper, Van Esch and 

Salcedo, 2012; Zhou et al., 2015; Melaas et al., 2016). The replacement of natural land 

cover with buildings and impervious surface layers and the intensification of human 

activity (such as heavy traffic) through urbanisation alter the cycling of materials and 

energy (Figure 2-2) in the atmosphere and near-surface (Grimm et al., 2008; McCarthy, 

Best and Betts, 2010; Pataki et al., 2011; Pickett et al., 2011; Wu, 2014). Urban areas 

are composed of artificial surfaces (e.g. concrete, asphalt and metal) and a design (i.e. 

high building density, tall buildings, and narrow streets) that lowers albedo (Sailor, 

1995; Taha, 1997), promotes the transformation of short wave radiation into heat and 

inhibits radiative cooling (Landsberg, 1981; Oke, 1987; Voogt and Oke, 2003) as 

depcited in Figure 2-2. Different surfaces exhibit differences in thermal behaviour as a 

result of differences in density, heat capacity, thermal conductivity, thermal diffusivity 

and thermal admittance coefficients (Kuttler 2008). Furthermore, the heat released 

from intensified fossil fuel combustion in cities and by-products of energy consumption 

that are emitted as moisture and sensible heat are retained by the atmosphere of the 

city (Sailor, 2011). The UHI intensity has been observed to be strongest in the city 

centre (i.e. Central Business District/CBD), due to the presence of high rise buildings 

and a high density of buildings (Oke 1982; Oke, 1987). High rise buildings have been 

linked to the urban canyon effect (Schwarz and Manceur, 2014) which results in high 

thermal admittance and storage, and slow release of stored heat (Roth, 2007; 

Giridharan and Emmanuel, 2018).  

In contrast, rural areas are highly pervious and vegetated and exhibit higher 

evapotranspiration than urban areas resulting in higher fluxes of latent heat and less 

release of sensible heat (Taha, 1997; Dimoudi and Nikolopoulou, 2003; Pataki et al., 

2011; Kleerekoper, Van Esch and Salcedo, 2012; Cavan et al., 2014; Feyisa, Dons and 

Meilby, 2014; Duarte et al., 2015; Lindley et al., 2015). The net result of these 

differences in moisture, radiative, thermal, aerodynamic properties and the cycling of 

energy and materials between urban and rural areas is an urban climate and that is 

distinct from rural areas and the UHI effect. Therefore, vegetation in cities enhances 
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thermal comfort through evapotranspiration and provision of shade (Li, Ratti and 

Seiferling, 2018) and maintenance of its cover has been strongly advocated for as a 

means for mitigating the UHI intensity (Pataki et al., 2011; Kabisch et al., 2017).   

 Importance of UHI studies 2.1.1.1

The UHI effect is critical for human health and wellbeing mainly due to the increased 

exposure to heat and associated risks including: thermal stress, heat cramps and 

exhaustion, non-fatal heat strokes, and heat mortalities. Moreover the associated risks 

of heat exposure are exacerbated by heat wave events (Heaviside, Macintyre and 

Vardoulakis, 2017). To counter the UHI effect, air conditioning is used, but this is also 

without challenges. 

Electricity demand for cooling to compensate the UHI effect has been estimated to 

account for 5-10% of community wide demand for electricity (Hashem and Akbari 

2005; Akbari et al., 2001). Skelhorn et al (2016) estimated between 9-12% increase in 

air conditioning due to the summer UHI effect, whereas by Li el at (2019) estimated 

increases in building cooling energy consumption of upto 19%. Although the amount of 

energy consumed varies in regard to the nature of UHI, there is a general tendency 

towards increased energy consumption for cooling due to the UHI effect which leads 

to higher spending on energy and increased release of carbon dioxide, as a by-product 

of energy production (Kolotroni et al., 2012). Moreover, increased carbondioxide 

resulting from energy production affects infra-red properties of the atmosphere 

(Kuttler 2008). 

The UHI effect enhances the reaction of combustion gases in the atmosphere (Kondo 

and Kikegawa 2003) and formation of ground-level ozone commonly referred to as 

urban smog (Akbari et al., 2001) which reduces air quality. Moreover the spatial 

distribution and temporal evolution of air pollutants in cities is driven by 

thermodynamic and dynamic processes of the cities, including enhanced turbulence 

that significantly modifies the availability of ozone and nitrogen dioxide (Sarrat et al., 

2005).  

The UHI phenomena has received considerable critical attention because of its direct 

effects on human health, but its effects on ecosystems that are depended upon for 
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wellbeing remain far less studied (Yang et al., 2016). For example, there is evidence 

that the urban heat island affects seasonality of vegetation in urban areas (discussed 

under section 2.3). This is significant because urban ecosystem functions such as 

climate regulation and urban agriculture might be dependent upon seasonal growth 

and development of vegetation. 

2.1.2 Quantifying UHI 

 Influence of scale 2.1.2.1

Interactions between the terrestrial system and atmosphere occur at different spatial 

and temporal scales (Hungate and Koch, 2015; Suni et al., 2015). Therefore, scale is an 

important factor to consider in the spatial representation of not only the UHI intensity, 

but also urban climate in general (Roth, 2012). The three scales for undertaking 

observations on urban climate include: (1) microscale (one to hundreds of metres); (2) 

mesoscale (tens of kilometres); (3) and local scale (more than one kilometre, but less 

than ten kilometres) (Oke, 2008) as shown in Figure 2-3.  

Microclimates typify the climate emanating from individual surfaces, objects and 

features in the landscape such as courtyards, gardens, roads, trees, and individual 

buildings that are located within the canopy layer (Oke, 2008; Heisler and Brazel, 2010; 

Roth, 2012; Kotharkar and Surawar, 2016) as shown in Figure 2-3(c). The canopy layer 

(Figure 2-3) is the area between the ground and the average height of the main 

roughness elements such as trees and buildings (Oke, 2008; Heisler and Brazel, 2010). 

The urban climate at the mesoscale (Figure 2-3(a)) is different from the regional 

climate and results from the presence of a city at the surface. The climate at the 

mesoscale embodies climate of the urban boundary layer (UBL), which is above the 

urban canopy layer and extends to the planetary boundary layer zone where urban 

landscapes have no influence on the atmosphere (Figure 2-3). The mesoscale climate 

represents exchanges at the lower surface of the UBL, which is the interface located at 

roof level with generalised roughness, thermal and radiative characteristics (Oke, 

2008). 

Local-scale climate (Figure 2-3(b)) incorporates the effect of landscape features, urban 

form and function (e.g. surface cover, size and spacing of buildings and human 
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activity). The local-scale climate emerges from the integration of microclimates over 

large areas and is representative of uniform hourly turbulence of sensible, latent, and 

storage heat fluxes (Grimmond and Oke, 2002). The local climate combines the 

climatic aspects of both micro and mesoscale processes and local weather. 

 

Figure 2-3: Scales for assessing urban climate and the vertical layers within each scale (Urban Canopy 
Layer (UCL), Urban Boundary Layer (UBL), Rural Boundary Layer (RBL), Planetary Boundary Layer PBL). 
The broad arrows represent prevailing atmospheric flow whereas small arrows represent small scale 
atmospheric flow (modified from Oke, 1997). 

 Types of UHIs 2.1.2.2

The Urban Heat Island is broadly categorised into the Surface UHI (SUHI) and 

Atmospheric UHI (AUHI) (Kotharkarand Surawar, 2016), illustrated in Figure 2-4 and 

Figure 2-5. The spatial distribution of air and surface temperature are connected and 

similar (Voogt, 2000; Ayanlade, 2016) because surface temperature regulates the air 

temperature of the lowest layers of the urban atmosphere and moderates energy 

balance of the surface (Voogt, 2003). Nevertheless the establishment of SUHI and 

AUHI are distinct processes and their quantification differs (Figure 2-6). 
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Figure 2-4: Types of UHI on the basis of scale of urban climate (Adapted from: Roth, 2012; Kotharkar 
and Surawar, 2016) 

 

Figure 2-5: similarity between surface and air temperature during night time when the UHI is 
strongest (Voogt, 2000; EPA, 2008) 

The AUHI is divided into nocturnal canopy layer UHI, and the Boundary Layer UHI (Oke, 

2008). The canopy layer UHI is a microscale climate phenomenon whereas the 

boundary layer UHI is a mesoscale climate phenomenon (Figure 2-4). Sensible heat 

transfer from the surface (near-surface air temperature) and atmospheric exchange 

with layers above the near-surface (i.e. interface between the canopy and boundary 

layer) result in the canopy layer UHI (Figure 2-2). Urban-rural air temperature 

differences within the canopy layer during the day time are considerably lower, but 

increase after sunset and reach a peak at night (Figure 2-5) arising from reduced cooling 

rates in urban areas (Roth, 2012). The vertical mixing of air is highest during the day 

and declines during the night (Heisler and Brazel, 2010; Roth, 2012). Therefore, the 
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UHI effect is observed to be strongest at night and under clear sky conditions when 

there is higher exposure to incoming solar radiation (Heisler and Brazel, 2010; Voogt 

and Oke 2003). 

The surface UHI (SUHI) is a local scale climate phenomena (Figure 2-5) and 

encompasses the temperature of the surface extending over the entire 3-D envelope 

of urban features, highlighting the variations of thermal (e.g., heat capacity, thermal 

admittance) and radiative (e.g., reflectivity or albedo) properties of urban surfaces 

(Heisler and Brazel, 2010; Roth, 2012; Kotharkar and Surawar, 2016). The magnitude of 

the SUHI is most substantial during day time (Figure 2-5) due to variability in the effect 

of solar heating between rural areas that are highly pervious and vegetated and 

impervious urban surfaces (Roth, 2012). At night however, the distribution of the SUHI 

is closely similar with the AUHI (Figure 2-5). 

Urban boundary and canopy layer UHI are quantified using air temperature 

measurements. In-situ sensors at screen height at fixed weather stations or mounted 

on automobile objects can be used to measure the urban canopy layer UHI (Figure 

2-6). On the other hand, boundary layer UHI is measured using fixed (tower), traverse 

(e.g. aircraft or balloon) and sodar remote sensors (Figure 2-6).  

Measurements of surface temperature are derived insitu from thermocouples or 

thermistors. Alternatively, space and airborne remote sensors can estimate apparent 

surface temperature based upon radiance using infra-red radiometry (Voogt and Oke 

1997; Voogt and Oke 2003). Other than the use of direct measurements, UHIs can be 

quantified using numerical models. Exemplar studies using the different methods of 

quantifying the UHI are presented under section 2.1.4. 
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Figure 2-6: Measurement Approaches for different types of UHI (Voogt, 2007) 

 Characterisation of urban areas for urban climate studies 2.1.2.3

The characterisation of surface cover and structure across cities with respect to the 

effect of spatial scale is an essential component of quantifying urban climate. This in 

itself is a discipline that has been continually evolving with the advancement of urban 

climate research. A brief discussion thus follows into the evolution of spatial 

representation of urban areas for urban climate studies.  

Traditionally, two weather stations (one urban and the other rural) were used to 

distinguish the climate of the city from the regional climate in what is classically 

referred to the urban-rural dichotomy (Stewart and Oke, 2012). However standard 

climate stations are designed to measure climate at a micro scale (see Influence of scale 

under section 2.1.2.1), and a single urban station only goes as far as measuring the 

climate of its nearby surrounding and not the entire city (Oke, 2008; Stewart and Oke, 

2012). Refinements have been made to the urban-rural dichotomy highlighting the 

transition from urban to rural areas. Comber and Brundson, (2015) used a qualitative 

approach for describing land use that consisted of suburban, urban, built-up areas and 

gardens in England and Wales. Mimet et al., (2009) used three levels to describe the 

extent of urbanisation in Rennes that included: inner ring (urban core), suburban ring 

and the peri-urban ring. Urban Morphology framework that connects urban form, 

social, cultural and biophysical processes into Urban Morphology Types (UMT) has 

been used in the UK (Gill et al., 2008) and in Africa (Lindley et al., 2015; Cavan et al., 
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2014). Vizzari and Sigura, (2015) produced a gradient of landscape modifications 

highlighting the differences in landscape structure in Italy. Another approach has been 

the assessment of ecological approaches on a distance gradient from the urban core to 

the city centre (Zhang et al., 2004; Zhou et al., 2015) on the basis that the extent of 

urban development and its ecological forcing function diminish along the urban-rural 

gradient (McDonnell and Pickett, 1990). Although these finer qualitative measures of 

urbanisation offer an improvement to the urban-rural dichotomy, the main criticism 

that they are faced with is the lack of quantitative metadata describing urban form 

(surface cover and structure). Moreover, qualitative qualifiers of the extent of 

urbanisation are often subjective and vary from one region to another. This hinders 

their transferability and application to other cities with different urbanisation 

practises.  

In a review of heat island literature, up to three-quarters of the studies were 

inadequate in providing quantitative metadata of meteorological sites (Stewart, 2011). 

There is an impetus to attribute urban climate at micro and local scales to quantitative 

measures of the bio-physical, structural and cover aspects of urban areas (Stewart and 

Oke, 2012). Quantitative aspects of the physical nature of cities provide a nuanced and 

scientifically relevant means for measuring urbanisation and its impacts. 

Urban climate has been observed to have an unequivocal association with surface 

cover; precisely proportion of impervious man-made features including buildings or 

the percentage of pervious surfaces (i.e. open spaces and vegetation) (Yuan and Bauer, 

2007; Gazal et al., 2008; Xu, Lin and Tang, 2013; Feyisa, Dons and Meilby, 2014; 

Kurniati and Nitivattananon, 2016; Zipper et al., 2016; Chibuike et al., 2018; Giridharan 

and Emmanuel, 2018). However, this approach only serves to account for the effect of 

individual components of surface cover and not the combined effects of different 

structural features. 

The use of zones to designate areas that have uniform composition of surface cover 

and structure (urban form) takes into account the connectivity of urban features (as 

opposed to individual features) and their collective influence on micro and local scale 

climate processes. Using data from North, America, Europe and Asia, Loridan and 
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Grimmond (2011) developed Urban Zones for purposes of atmospheric modelling to 

distinguish urban areas and characterise energy partitioning on the basis of incoming 

radiation. Threshold values for the active (engaged in energy exchange) built surface 

and vegetative fractions are used for the designation of the four main zones. Oke 

(2004) proposed urban climate zones for urban areas which were later modified to 

local climate zones to incorporate rural areas (Stewart and OKe, 2012). The zones are 

distinguished by their fabric (materials), surface cover, urban structure, metabolism 

(human activity) and capacity to modify local climate. 

These zoning approaches however have limitations because their application is 

constrained to measuring a specific scale of urban climate. For example, the local 

climate zone has a minimum threshold area of radius 200 m within which urban form 

needs to be uniform for attribution of local scale climate to urban form. In cities where 

urban form is highly heterogeneous within areas smaller than the minimum set 

thresholds, application of these frameworks becomes quite limited. Therefore, the 

choice of method for characterisation of urban form and its attribution to urban 

climate should be tailored to the city context (e.g. extent of heterogeneity) and 

adjustments done accordingly. 

2.1.3 Factors affecting Urban Heat islands 

 Human factors 2.1.3.1

The processes driving the urban climate of different cities around the world are quite 

similar (see 2.1). However, the intensity and nature of the urban heat island can be 

quite varied across cities (Cheung 2011; Yang et al., 2016; Debbage and Shepherd 

2015) due to local context regarding the urban area, urban form, urban function and 

geographical location of the city (Kuttler 2008) as summarised in Figure 2-7. The 

combined effect of differences in urban form, urban function and geographical 

location (driving regional climate) makes each city unique with regards to urban 

climate. Therefore, empirical studies that aim to study the UHI intensity of individual 

cities are very relevant for adopting climate resilient strategies that are tailored to 

each individual city especially for cities that are small and projected to grow. 



 

44 
 

 

Figure 2-7: Factors affecting UHI intensity of a city can be classed into the anthropogenic causes and 
natural causes. Natural causes are dependent on geographical location (Source: Voogt, 2007). 

Urban morphological differences are a key determinant of differences in UHI intensity 

with highly compact cities (i.e. high building density) exhibiting stronger UHI intensities 

(Zhou et al., 2017). A global study of the major determines of the urban heat island 

intensity by Clinton and Gong (2013) observed that in addition to development 

intensity (extent of compactness), vegetation amount and the size of the urban area 

are critical for prediction of heat differentials. Cities that are highly vegetated show 

weak UHI intensities (Clinton and Gong 2013) due to enhanced evapotranspiration and 

latent heat flux (Taha, 1997; Dimoudi and Nikolopoulou, 2003; Pataki et al., 2011; 

Kleerekoper, Van Esch and Salcedo, 2012; Cavan et al., 2014; Feyisa, Dons and Meilby, 

2014; Duarte et al., 2015; Lindley et al., 2015). Moreover, differences in vegetation 

type, the canopy structure and cover, tree species; park shape, and park size have 

been observed to result in differences in thermal regulation and UHI intensity (Feyisa, 

Dons and Meilby, 2014; Gioia et al., 2014).  

The configuration of rapidly sprawling cities enhances high UHI intensities (Stone 2012; 

Debbage and Shepherd 2015). Sprawl which is defined as low density leapfrog urban 

growth that consists of isolated land uses and widespread commercial strip 
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development (Debbage and Shepherd 2015) intensifies the UHI through land 

clearance, increased impervious areas and excess heat release per capita in 

comparison to higher density developments (Stone 2012). Moreover, a warm urban 

periphery, limits the cooling influence of UHI circulation (Stone 2012). As with the 

effect of urban sprawl, higher UHI intensities are associated with more spatially 

contiguous cities (Debbage and shepherd 2015), cities that exhibit high fractality 

(unsystematic urban development) and high anisometry (Zhou 2017). 

The size and population of the city are key indicators of the functioning of a city, with 

larger sized and highly populous cities exhibiting high UHI intensity (Kuttler 2008). City 

size is also used as a convenient proxy for urban geometry (Roth 2007) which has a 

relationship with UHI intensity. Linked to the population of a city is its energy 

consumption and energy consumption is directly proportional to population density 

(Sailor 2011). Population density is a key factor that drives anthropogenic heating from 

human metabolism. In the US, daytime population densities are upto 5000 people per 

square kilometre with a corresponding heat flux of about 1 w/m2 and stronger UHI 

intensities are experienced with higher population densities (Sailor 2011).  

Large city sizes have also been associated with increased atmospheric pollution 

(Lamsal et al., 2013) and whilst stronger UHI intensities further intensify air pollution 

(see Importance of UHI studies under 2.1.1.1), the UHI intensity is also affected by the air 

pollution. Cao et al., (2016) observed stronger UHI intensities linked to the enhanced 

haze pollution. Contrary to this, UHI intensities have been observed to be weakened by 

higher concentration of fine particles (Wu et al., 2017; Meier et al., 2018). 

In addition to city size, geographical location is a critical factor influencing UHI 

intensity. Cities with a mid-latitude climate have been shown to exhibit a strong 

relationship between the size of the city and atmospheric UHI (Oke 1973) and surface 

UHI (Clinton and Gong 2013; Zhou et al., 2017). This is an important indicator of the 

influence of geographical location on UHI intensity. 

 Natural factors 2.1.3.2

Although an urban climate is a characteristic feature of every city that has artificial 

surface and structural features that are distinguished from the rural surrounding, the 
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underlying regional climate results in urban-rural climate differences among regions 

(e.g. Gazal et al., 2008; Jochner, Alves-Eigenheer, et al., 2013; Dallimer et al., 2016; 

Zhou et al., 2016). Insolation which defines the cumulative energy at a given location 

over a given period plays a vital role in determining regional climate and varies 

according to latitude (Figure 2-8). Insolation in temperate regions (i.e. higher latitudes) 

undergoes substantial seasonal changes each year which in turn result in extreme 

temperature changes. In the tropics however, temperature changes are relatively the 

same (and high) across the year due to uniform distribution of insolation across the 

year (Figure 2-8). 

 

Figure 2-8 showing day length variation at different time of the year for different latitudes (Source: 
Pidwirny, 2006)  

A strong relationship exists between latitude and urban-rural climate differences such 

that the more northern a city is located, the stronger the UHI intensity (Kuttler 2008; 

Dallimer et al., 2016; Zhou et al., 2016). Moreover, UHI intensities are much stronger 

in higher latitude cities than tropical cities attributable to differences in anthropogenic 

heat release and surface energy balance (Roth, 2007). However, this does not negate 

the value of undertaking UHI studies in tropical regions as the UHI effect would 

exacerbate effects associated with high temperature all year round. 
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2.1.4 Urban Heat Islands in the tropics 

 Recent trends and patterns of emerging literature 2.1.4.1

Two of the most recent and critical articles about tropical urban climate (Roth, 2007; 

Giridharan and Emmanuel, 2018) have collectively reviewed literature from the tropics 

(23.5 °N and 23.5° S) and subtropics (up to 30° N and 30°S). Although the tropics and 

subtropics share similarities in urban climate, Roth (2007) and Giridharan and 

Emmanuel, (2018) stress the need for a wider range of studies that cover different 

tropical climate types and regions. This would account for regional climate differences 

(precipitation and temperature) in gaining a concise understanding of urban climate 

differences and similarities within and between the tropical and subtropical regions. 

The past decade has seen a significant upward trend in the proportion of UHI studies 

emanating from the tropics, from a lowly estimate of 20% in 2007 (Roth, 2007). Some 

recent studies since Roth’s review (2007) are provided in Table 2-2. The existing studies 

show that there is a strong relationship between surface cover (mainly absence of 

vegetation cover) and the magnitude of the UHI intensities, which is in agreement with 

previous discussions on factors determining UHI intensities (see section 2.1.1 and 

2.1.3). However, studies about the collective and combined effect of the different and 

connected urban features across the urbanscape (i.e. pervious surfaces, impervious, 

buildings and vegetation cover) are still lacking. Also, as noted by Voogt and Oke, 

(2003) and Roth, (2012), Surface Urban Heat Island (SUHI) still remains far less studied 

than Atmospheric Urban Heat Islands (AUHI). There also appears to be far more 

studies in subtropics than the moist tropical climate types (see Table 2-1). In the moist 

tropical climate that have seen an increase in exemplar studies in recent years, there 

remains a disparity in the number of representative studies per geographic region. For 

example, most of the recent studies in tropical rainforest climate are from Asia, while 

none are known in Africa. 

 Surface moisture and Tropical moist climate types 2.1.4.2

One common feature across the studies that have assessed the seasonality of the UHI 

(see Table 2-2) is the role that surface moisture plays in determining the intensity of the 

UHIs. Tropical regions undergo seasonal changes in surface moisture despite having 

limited temperature ranges (Kottek et al., 2006; Peel et al., 2007) and tropical UHI 
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intensity is greater in the dry than the wet season. Roth (2007) suggested that the 

surface temperature range is smaller (UHI) during the wet season with increased 

thermal admittance of wet soil and decreased cooling in rural areas. The influence of 

water availability as the basis for the seasonality of UHI intensity in the tropics is still 

poorly understood because UHI seasonality is based on the wet-dry season dichotomy 

(Roth, 2007; Giridharan and Emmanuel, 2018 and references therein). The simplistic 

wet-dry season dichotomy does not sufficiently account for the continuum of soil 

moisture changes across the wet to dry season temporal gradient which might offer 

insights into the mechanisms of UHI seasonality. Such an approach could help in 

understanding the coupling between soil moisture and temperature. 

Surface moisture availability is critical for land surface atmospheric interactions 

specifically surface temperature and energy balance (Lakshmi, Jackson and Zehrfuhs, 

2003; Pablos et al., 2016).  Surface moisture determines the proportion of rainfall 

partitioned into runoff, surface storage, and infiltration and the partitioning of solar 

and longwave radiation into outgoing longwave radiation, latent, sensible and ground 

heat flux (Lakshmi, Jackson and Zehrfuhs, 2003). Wet soils exhibit smaller changes in 

temperature due to the thermal inertia of water and drier soils exhibit higher 

temperatures (Lakshmi, Jackson and Zehrfuhs, 2003). Surface temperature in turn 

affects surface moisture and the relationship between surface moisture and surface 

temperature is seasonal (Lakshmi, Jackson and Zehrfuhs, 2003; Pablos et al., 2016). 

However, surface moisture changes vary across different moist tropical climate types 

(Table 2-1) and UHI intensity ought to be modified accordingly and different across 

different tropical climate types (Roth 2007; Giridharan 2018). 

Moist Tropical Climates are diverse in terms of precipitation with four main types 

(Table 2-1; Figure 2-9) according to the Köppen climate classification framework (Kottek 

et al., 2006; Peel et al., 2007). This arises from differences in changes in water 

availability that are triggered by movement of the Hadley cells and the Inter-Tropical 

Convergence Zone, linked to solar altitude and the movement of low pressure (and 

seasonal rainfall) (Kottek et al., 2006; Peel et al., 2007). The differences in surface 

moisture driven arising among the different tropical climate type ought to be 
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accounted for to gain a fuller understanding of the seasonality of UHIs in the tropics 

(Roth 2007; Giridharan and Emmanuel, 2018). 

Table 2-1: Summary of tropical climate types. Tropical climate under the Koppen classification consists 
of 4 main tropical climate types. 

Tropical 
climate type 

Description Example cities 

Tropical 
rainforest 
climate (Af) 

-High rainfall all year round (average rainfall of 60 mm each 
month) 
-Climates occur within 10° latitude of the equator 
-Lack of differences in day light hours and mean monthly 
temperature  

Kampala (Uganda), 
Singapore (Singapore), 
Surabaya (Indonesia) and 
Kuala Lumpur (Malaysia) 

Tropical 
savanna  
climate; 
grouped into 
Aw and As 
types  

- Aw: the dry season occurs during winter 
-Aw exhibit pronounced dry seasons with the driest month 
experiencing less than 60 mm precipitation 
 

Cancun (Mexico), Bangkok 
(Thailand), Mumbai (India) 
and Lagos (West Africa) 

-As: The dry season occurs during summer (when the days 
are longer) 

Mombassa (Kenya), Cali 
(Colombia), Chennai (India), 
Abidjan (Ivory Coast) 

, Tropical 
monsoon 
climate (Am) 

-Climate occurs mainly in the outer margins of the tropical 
zone greater than 10° latitude, but lower than the mid-20s 
latitude 
-Largely controlled by monsoon winds and a period of 
dryness that occurs after the winter solstice 

Monrovia (West Africa) and 
Jakarta (Indonesia), Kochi 
(India), Miami (USA) 

Regimes of water availability and temperature also vary strongly among moist tropical 

climate types. For example, although both Singapore (1°17′N 103°50′E) and Kampala 

(00°18′49″N 32°34′52″E) are classified as tropical rain forest climate types, they show 

different climate patterns (see WMO, 2016). Singapore receives almost twice as much 

rainfall as Kampala (i.e. 2166 mm vs 1264 mm) with no distinct seasons (i.e. rains all 

year round). Kampala, on the other hand, has two rain seasons (March-May & 

September-November) and two dry seasons (June–August & December-February). 

Also, temperature is quite distinct between the two cities with temperatures in 

Singapore 4°C higher than in Kampala. Kampala has an average low, and an average 

high of 17.6°C and 27.8°C (i.e. average 22.7°) respectively whereas Singapore has an 

average low and average high of 24.7°C and 31.5°C (i.e. average 27.5°). Such 

differences highlight the need for a wide range of exemplar studies even within the 

same tropical climate type. 
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Figure 2-9: 
Distribution of 
climate zones 
based on 
Köppen-Geiger 

climate 
classification. 

The climate 
zones are 
derived from 
patterns of 

average 
precipitation, 
temperature 

and natural 
vegetation 

(Arnfield, 
2020). 
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Table 2-2: Summary of recent tropical urban climate studies. Studies on Atmospheric UHI and Surface 
UHI studies are presented separately under specific climate types 

STUDY CONTEXT STUDY 
SITE {and 
climate 
type} 

KEY FINDINGS AUHTOR(S) 
AND 
PUBLICATION 
YEAR 

  ATMOSPHERIC URBAN HEAT ISLAND 
(AUHI) STUDIES 

 

  AUHI studies in tropical rainforest climates  

City wide modelling 
of urban climate- 
Atmospheric Urban 
Heat Island (AUHI) 
with relation to land 
cover 

Kuala 
Lumpur, 
Malaysia 
{tropical 
rain forest} 

Model accurately represented spatial 
patterns of UHI, validating use of land cover 
(i.e. paved surface, buildings, vegetation 
and water) 

(Wang et al., 
2019) 

Influence of urban 
morphology 
parameters on AUHI 

Singapore 
{tropical 
rain forest} 

Land cover specifically green area was the 
only significant predictor for night time 
temperature 

(Jin et al., 
2018) 

Air temperature 
modelling with 
relations to changes 
in the seasons 

Kuala 
Lumpur, 
Malaysia { 
tropical 
rain forest 
} 

UHI intensity is greatest at night. Vegetated 
surfaces and areas of low density housing 
cool down at a faster rate than high density 
urban housing areas.  

(Ooi et al., 
2017) 

Heat exposure (AUHI) 
in different green 
spaces 

Singapore, 
Singapore 
{tropical 
rain forest} 

Vegetation canopy characteristics are 
important for assessing heat exposure 

(Chow et al., 
2016) 

Cooling potential 
(AUHI) of different 
tree species 

Penang, 
Malaysia { 
tropical 
rain forest} 

Climate regulation varies between species 
mainly due to Leaf Area Index. Tabebuia 
rosea is an example species noted for high 
cooling potential 

(Tukiran, 
Ariffin and 
Ghani, 2016) 

AUHI modelling Singapore 
{ tropical 
rain forest} 

Effect of land use cover and type greatest at 
night 

(Li et al., 2013) 

Temporal and spatial 
dynamics of AUHI 

Singapore, 
Singapore 
{ tropical 
rain forest} 

Differences in urban-rural cooling were 
influenced by seasonal changes in 
precipitation. Precipitation decreased the 
UHI intensity. Urban geometry had an 
unclear relationship with UHI intensity 
whereas intra-urban differences in 
temperature had a strong relationship with 
presence of green space and anthropogenic 
heat.  

(Chow and 
Roth, 2006) 

  AUHI studies in tropical savanna (wet and 
dry) climates 

 

AUHI with relation to 
LCZs 

Nagpur, 
India 
{tropical 
savanna} 

Most densely built compact low rise LCZ 
type was the warmest and the UHI impact 
varied between seasons (summer and 
winter) 

(Kotharkar 
and Bagade, 
2018) 

Impact of land 
use/land cover, and 
population density 

Nagpur, 
India 
{tropical 

Strong UHI effect in high building density 
and populated areas; Low vegetation cover 
increased the UHI effect 

(Kotharkar 
and Surawar, 
2016) 
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on AUHI savanna} 

Temporal change of 
AUHI effect 

Lagos, 
Nigeria 
{tropical 
savanna} 

UHI effect strongest at night and during the 
dry season 

(Ojeh, Balogun 
and 
Okhimamhe, 
2016) 

Drivers of AUHI and 
its temporal 
variability 

Akure, 
Nigeria 
{tropical 
savanna} 

UHI intensity greatest during the dry season (Balogun and 
Balogun, 
2014) 

AUHI with relation to 
the LCZs 

Kochi, 
India 
{tropical 
monsoon} 

High UHI effect observed during winter (dry 
time of the year) and at predawn; Compact 
midrise (city) showed the highest UHI 
effect; Sparsely built LCZ types showed 
consistently cooler climates throughout all 
seasons; Fastest cooling rates are in 
sparsely built up areas whereas slower 
cooling rates are observed in heavily built 
up areas;  

(Thomas et 
al., 2014) 

  AUHI studies in humid sub-tropical climates  

Local variation of 
outdoor thermal 
comfort (AUHI) in 
different urban green 
spaces 

Guangzho
u, China 
{humid 
sub-
tropical} 

Grove (small group of trees) yield cooler 
temperatures, but higher humidity than 
grasslands 

(Wang et al., 
2018) 

AUHI comparisons 
between a temperate 
and a tropical city 

Presidente 
Prudente, 
Brazil 
{humid 
sub-
tropical} 

UHI greatest at night and during the dry 
season for the tropical city. UHI greater for 
the tropical than temperate city 

(Amorim and 
Dubreuil, 
2017) 

Influence of species 
types and 
compaction of 
vegetation on 
microclimate (AUHI) 

Campinas, 
Brazil 
{humid 
subtropical
} 

Species types (i.e. canopy structural 
differences) and density of vegetation 
influence microclimate 

(de Abreu-
Harbicha, 
Labakia and 
Matzarakis, 
2015) 

Microscale cooling 
effect of vegetation 
(AUHI) 

Sao Paolo, 
Brazil 
{humid 
sub-
tropical} 

The effect of trees is more pronounced 
during the summer period when 
temperature is high 

(Duarte et al., 
2015) 

  AUHI studies in sub-tropical highland 
climates 

 

AUHI in informal 
settlements 

Nairobi, 
Kenya 
{sub-
tropical 
highland} 

Informal settlements experience high 
temperature and thermal heat stress and 
this is strongly and negatively related to 
vegetation cover 

(Scott et al., 
2017) 

Influence of 
vegetation (species 
type and park 
structure) on SUHI 
and AUHI 

Addis 
Ababa, 
Ethiopia 
{sub-
tropical 
highland} 

Vegetation cooling effect is dependent on 
canopy cover and species type; Equally, 
park size, shape and vegetation density 
(NDVI) have a strong influence on local 
climate. Park cooling can reach distances of 
upto 240 m; cooling effect and differences 
greatest at mid-day which coincides with 
high solar radiation 

(Feyisa, Dons 
and Meilby, 
2014) 

Seasonal variations Mexico SUHI was high at night and during the dry (Cui and De 
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and drivers of SUHI 
and AUHI 

City, 
Mexico 
{subtropic
al 
highland} 

season; The day time SUHI was low 
throughout and sometimes exhibited a cool 
island effect, but was higher during the wet 
season. AUHI was similar to the night time 
SUHI and the day time AUHI was fairly 
constant throughout the entire year; day 
time SUHI was driven by Vegetation 
fraction. Night time SUHI was greatest on 
calm nights. Increased vegetation cover 
decreased both SUHI and AUHI 

Foy, 2012) 

  AUHI studies in ARID climates  

Spatio-temporal 
variation of the AUHI 

Muscat, 
Oman 
{arid} 

Strong UHI was observed during the night 
time and the summer (dry period); Urban 
density (or spare nature of the buildings) 
had a strong relationship with the UHI 

(Charabi and 
Bakhit, 2011) 

  SURFACE URBAN HEAT ISLAND (SUHI) 
STUDIES 

 

  SUHI studies in tropical savanna (wet and 
dry) climates 

 

Changes in SUHI with 
relation to changes in 
land use 

Nakhon, 
Thailand 
{tropical 
savanna} 

Areas of blue and green infrastructure 
experience increases in temperature over 
time highlighting a potential effect of local 
scale urban climate associated with 
urbanization 

(Chotchaiwon
g and 
Wijitkosum, 
2019) 

Spatial and temporal 
(multiyear and 
between wet & dry 
season) variation of 
SUHI 

San 
Salvador, 
El Salvador 
{tropical 
wet and 
dry} 

The UHI effect increased with urban 
growth; UHI differed between the wet and 
the dry season and was related to the 
amount of vegetation cover.  

(Acero and 
Gonzalez-
Asensio, 2018) 

Influence of 
differences in 
landcover on SUHI 

Lagos, 
Nigeria 
{tropical 
savanna} 

LST values highest during the dry season; 
Building density and vegetation cover are 
main drivers of LST differences 

(Ayanlade, 
2016) 

Comparing the SUHI 
intensities of two 
tropical cities 

Sao Paolo 
{humid 
subtropical
} & Rio de 
Janerio 
{tropical 
savanna} 

Vegetation cover explains the differences in 
the UHI intensities of the two cities 

(Flores, 
Pereira Filho 
and Karam, 
2016) 

Temperature (SUHI) 
regulation with 
relation to urban 
morphology (i.e. local 
scale) and green 
infrastructure 

Dares 
Salaam – 
Tanzania 
{tropical 
wet and 
dry} & 
Addis 
Ababa -  
Ethiopia 
{subtropic
al 
highland} 

Proportion of manmade features (i.e. 
building mass) significantly raise LST. 
Presence of vegetation in informal 
settlements substantially lowers SUHI 

(Cavan et al., 
2014) 

Changes in SUHI with 
relation to the extent 
of urbanization 

Colombo, 
Sri Lanka 
{tropical 

(1) Urban density showed a positive 
relationship with LST (2) Urbanised areas 
showed the highest increase in LST. Water 

(Fonseka et 
al., 2019) 
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monsoon} and vegetation experienced smaller 
increases in temperature highlighting a 
potential local scale climate effect resulting 
from urbanization 

Multitemporal 
change in SUHI 

Noida, 
India 
{tropical 
monsoon} 

Impervious surface area was the main driver 
of increase in the UHI 

(Kikon et al., 
2016) 

LST (SUHI) with 
relation to land cover 

Colombo, 
Sri Lanka 
{tropical 
monsoon} 

Paved surface that are made of asphalt (low 
albedo) contribute significantly to the UHI 
effect; Highly vegetated areas had lower 
surface temperature 

(Senanayake, 
Welivitiya and 
Nadeeka, 
2013) 

Influence of 
impervious surface, 
water and vegetation 
on SUHI 

Xiamen, 
China 
{monsoon
al humid 
subtropical
} 

LST increased with increase in impervious 
surface area and declined with increase in 
vegetation and water; The influence of 
impervious surface on LST was six times 
greater than the influence of vegetation and 
water combined; 10% decrease in 
impervious surface area and 20 % increase 
in water or vegetation could decrease LST 
by up to 2.5  or 2.9 °C, respectively 

(Xu, Lin and 
Tang, 2013) 

  SUHI in humid subtropical climates  

Impact of urban 
growth and loss of 
vegetation cover on 
the Atmospheric 
Urban Heat Island 
(SUHI) 

Brisbane, 
Australia 
{humid 
subtropical
} 

Increased temperature was linked with 
Increased urban density and vegetation 
loss. Vegetation cover had stronger impacts 
than building height and height/width ratio 
on temperatures. UHI effect was stronger at 
night and was seasonal 

(Chapman et 
al., 2018) 

Influence of different 
land cover types on 
SUHI 

Lucknow, 
India 
{humid 
subtropical
} 

Densely built city centres experience high 
LST whereas low LST is associated with 
vegetation (NDVI) and water 

(Singh, Kikon 
and Verma, 
2017) 

Influence of  land 
cover (i.e. vegetation 
& impervious 
surfaces) on SUHI 

Nanchang, 
China 
{humid 
subtropical
} 

Increase in pervious surface and decrease in 
vegetation cover result in increase in LST 

(Zhang, 
Estoque and 
Murayama, 
2017) 

Seasonal influence of 
Impervious Surface 
Area (ISA) on SUHI 

Chandigar
h, India 
{humid 
subtropical
} 

Relationship between SUHI and %ISA 
changes between seasons. Stronger SUHI 
(effect of ISA) observed during the winter 
(drier period) 

(Mathew, 
Khandelwal 
and Kaul, 
2016) 

Comparing the SUHI 
intensities of two 
tropical cities 

Sao Paolo 
{humid 
subtropical
} & Rio de 
Janerio 
{tropical 
savanna} 

Vegetation cover explains the differences in 
the UHI intensities of the two cities 

(Flores, 
Pereira Filho 
and Karam, 
2016) 

  SUHI studies in subtropical highland 
climates 

 

SUHI characterisation 
based on Land 
surface Temperature 
(LST) for different 

Harare, 
Zimbabwe 
{subtropic
al 

Local Climate Zones (LCZs) representing 
high building density and low vegetation 
proportion had the highest LST; Sparsely 
built up vegetated areas were up to 1°C 

(Mushore et 
al., 2019) 
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types of Local 
Climate Zones (LCZ) 

highland} cooler than the "hot" LCZ categories 

Influence of 
vegetation (species 
type and park 
structure) on SUHI 
and AUHI 

Addis 
Ababa, 
Ethiopia 
{sub-
tropical 
highland} 

Vegetation cooling effect is dependent on 
canopy cover and species type; Equally, 
park size, shape and vegetation density 
(NDVI) have a strongly influence on local 
climate. Park cooling can reach distances of 
upto 240 m; cooling effect and differences 
greatest at mid-day which coincides with 
high solar radiation 

(Feyisa, Dons 
and Meilby, 
2014) 

Temperature (SUHI) 
regulation with 
relation to urban 
morphology (i.e. local 
scale) and green 
infrastructure 

Dares 
Salaam – 
Tanzania 
{tropical 
wet and 
dry} & 
Addis 
Ababa -  
Ethiopia 
{subtropic
al 
highland} 

Proportion of manmade features (i.e. 
building mass) significantly raise LST. 
Presence of vegetation in informal 
settlements substantially lowers SUHI 

(Cavan et al., 
2014) 

Seasonal variations 
and drivers of SUHI 
and AUHI 

Mexico 
City, 
Mexico 
{subtropic
al 
highland} 

SUHI was high at night and during the dry 
season; The day time SUHI was low 
throughout and sometimes exhibited a cool 
island effect, but was higher during the wet 
season. AUHI was similar to the night time 
SUHI and the day time AUHI was fairly 
constant throughout the entire year; day 
time SUHI was driven by Vegetation 
fraction. Night time SUHI was greatest on 
calm nights. Increased vegetation cover 
decreased both SUHI and AUHI 

(Cui and De 
Foy, 2012) 

 

 Urbanisation and urban climate in Africa 2.1.4.3

The vast majority of recent tropical UHI studies emanate from Far East Asia, South Asia 

and South America with far fewer studies known in Africa (Giridharan and Emmanuel 

2018). To estimate the proportion of urban heat island studies emanating from tropical 

Africa, we compared the results of different searches of the peer-reviewed literature in 

Web of Knowledge (http://www.webofknowledge.com) and Scopus databases. The 

search terms in the first search contained the keywords “urban heat island” and 

generated over 7032 documents for web of Knowledge and 7046 documents for 

Scopus. In the second search with the word “Africa” added to the search terms, Web 

of Knowledge and Scopus generated 44 (of 7032) and 47 (of 7046) documents 

respectively. This highlights the fact that Africa makes up as little as 1% of the known 

studies on UHI phenomena. 
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Africa is rapidly urbanising and its urban population is expected to grow three times 

and reach 1.26 billion by 2050 from current estimates of 400 million inhabitants 

(United Nations, 2014). Vegetation which is strongly depended upon for provision of 

urban ecosystem functions like mitigation of all year round urban excess heat (Haaland 

and van den Bosch, 2015; du Toit et al., 2018; Lindley et al., 2018) is being lost at very 

high rates (Yao et al., 2019). However, there is a lack of sufficent knowledge about the 

urbanisation practices in Africa that crosscut densification and  urban green space 

represenetd by a very low estimate of only 1 % of the known studies (Haaland and van 

den Bosch, 2015).  

Urbanisation practices and urban morphology vary strongly across African cities (Cavan 

et al., 2014; Pauleit et al., 2015; Antos et al., 2016; Taubenböck, Kraff and Wurm, 

2018) and informal and polarised development is one of the many forms of 

urbanisation transpiring from rapid population growth (Pérez-Molina et al., 2017; 

Lindley et al., 2018). Although this form of urbanisation is known to increase the risk of 

exposure to UHI (Scott et al., 2017), more emprical studies are needed that quantify 

the combined effect of both pervious and impervious man-made features on the 

spatial temporal patterns of urban climate. Furthermore, such studies ought to be 

undertaken in a wide range of tropical climate types. 

A vast majority of urban climate studies in Africa and in the tropics in general have 

focussed on the urban heat island effect because of its role on public health and 

wellbeing (Heaviside, Macintyre and Vardoulakis, 2017). Much less attention has been 

given to other urban climatic parameters that are important for ecological processes 

like vegetation development that are depended upon for ecosystem functions. 

Vegetation development and growth phases are vital for provision of ecosystem 

services (Dj, 1996; Badeck et al., 2004) and surface moisture and humidity are 

important indicators of vegetation development in the tropics (Archibald and Scholes, 

2007; Jochner, Alves-Eigenheer, et al., 2013; de Camargo et al., 2018). The 

spatiotemporal patterns of surface moisture and humidity ought to be investigated 

with relation to urban surface and structural differences.   
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2.1.5 Urban dryness Island effect 

The phenomenon that describes urban areas as having drier atmospheres than their 

less urbanised rural surrounding is commonly known as the “Urban Dryness Island 

(UDI)” effect (Hage 1975; Ackerman 1978). The UDI is derived by calculating the 

difference in humidity between urban and rural areas (Yang, Ren and Hou, 2017; Luo 

and Lau, 2019). Despite of the fact that humidity is an important meteorological 

variable for determining moisture and energy transfer in the atmosphere, it has 

generally been less studied than the UHI effect (Hao et al., 2018; Luo and Lau, 2019). 

The UDI phenomena is attributed to early studies by Ackerman (1971) and Hage (1975) 

that observed a drier atmosphere (using relative and absolute humidity) in Chicago (a 

latitude city with a humid continental climate) relative to its less urbanised 

surrounding. Since then, there have been a number of studies that have observed the 

UDI effect in different climate types including (but not limited to): tropical wet and dry 

climate (Adebayo, 1991); subtropical highland climate (Jauregui, 1997); humid 

subtropical (Hass et al., 2016; Chhetri, Fujimori and Moriwaki, 2017; Yang, Ren and 

Hou, 2017); Monsoon subtropical (Hao et al., 2018; Luo and Lau, 2019). Adebayo 

(1991) assessed the day-time UDI effect using relative humidity and vapour pressure 

taken from urban and rural meteorological stations in the tropical savanna city of 

Ibadan. The UDI effect in Mexico city has been studied using observations of specific 

humidity in urban and rural areas (Jauregui and Tejeda, 1997). Yang, Ren and Hou, 

(2017) examined diurnal, annual and seasonal differences in relative humidity between 

urban and rural areas in Beijing. Hao et al. (2018) examined the temporal change in 

UDI intensity using relative humidity and vapour pressure deficit observation in urban 

and rural meteorological stations. Luo and Lau, (2019) quantified the UDI using a wide 

range of atmospheric humidity measures including: relative humidity atmospheric 

water vapour pressure, specific humidity. 

The key drivers of the UDI intensity have been observed be the loss of vegetation 

through urbanisation and the UHI effect (Hao et al., 2018). The UHI effect increases 

Potential Evapotranspiration (Adebayo, 1991; Zipper et al., 2017; Luo and Lau, 2019), 

whereas impervious surfaces impede the capture and storage of water. Land cover 

differences between urban and rural areas influence moisture availability by impacting 
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on water infiltration, ground water recharge and evapotranspiration (Figure 2-10). The 

high presence of impermeable and paved surfaces in urban areas impedes ground 

water uptake, resulting in water losses through direct run-off (Barnes, Morgan and 

Roberge, 2001; Whitford, Ennos and Handley, 2001). Rates of infiltration have been 

observed to decline significantly even in low impact development areas (McGrane, 

2016). In contrast, the surrounding rural areas that are highly vegetated and pervious 

enhance the capture and retention of rain water (Barnes, Morgan and Roberge, 2001; 

Whitford, Ennos and Handley, 2001).  

 

Figure 2-10 illustrating differences in water infiltration and evaporation with relation to proportion of 
impervious surfaces (Source: Federal Interagency Stream Restoration Working Group, 2001) 

Traditionally, urban characteristics on hydrology have focussed on catchment scale 

dynamics with intent to derive changes to the quantity and quality of water (McGrane, 

2016). However, flow pathways and rate of transformation of water during rain events 

is localised in relation to development types, neighbourhood characteristics and urban 

structure as demonstrated in Figure 2-10. Therefore dynamics of water availability in 

urban environments are increasingly accounting for local and microscale effects on the 

fate of rainfall (McGrane, 2016) and soil moisture (Wiesner, 2016). However, urban 
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soils can be highly variable within small spatial scales due to heterogeneity in cities 

with regards to differences in compaction and sealing of natural soils, importation and 

mixing a variety of synthetic material for construction (Wiesner, 2016). This makes it 

difficult to determine dynamics of water availability across urban landscapes. 

However, atmospheric humidity which depicts the exchange of water between the 

ground and atmosphere can be used for understanding moisture availability (Hao et 

al., 2018). 

UDI intensities can be derived using various measures of atmospheric humidity 

including: relative humidity (Adebayo 1991; Hass 2016; Yang Ren and Hou, 2017; Hao 

et al., 2018; Luo and Lau, 2019); atmospheric vapour pressure (Adebayo, 1991; Hao et 

al., 2018), specific humidity (Jauregui and Tejeda 1997; Hao et al., 2018; Luo and Lau, 

2019) and vapor pressure deficit (Hao et al., 2018; Luo and Lau, 2019). None of the 

measures of atmospheric humidity is functionally superior over the other (Hao et al., 

2018). Moreover, different measures of atmospheric humidity have been observed to 

show similar patterns between. Adebayo (1991) observed that atmospheric vapour 

pressure and relative humidity were affected in a similar way by urbanisation. Luo and 

Lau, (2019) and Hao et al., (2018) observed a declining trend for relative humidity, 

specific humidity and an increase in vapor pressure deficit. This highlights the 

usefulness of using different measures of atmospheric humidity to advance our 

understanding of the much less studied concept of UDI intensity. 

The use of relative humidity alone was previously critiqued by Adebayo (1991) because 

relative humidity is sensitive to temperature. However, recent studies (Yang, Ren and 

Hou, 2017; Hao et al., 2018) have shown that relative humidity is a reliable measure 

for estimating the UDI effect and that relative humidity is not affected by temperature 

alone. The other variables that are posited to play a critical role in relative humidity are 

moisture flux and evaporation. Hao et al. (2018) and Yang, Ren and Hou, (2017) 

identified differences in the temporal change between temperature and relative 

humidity, which resulted in weak and insignificant relationships between the two 

variables. Moreover, temperature and relative humidity have been observed to exert 

varying influences on the spatial patterns of tree leaf phenophase in tropical (Jochner 

et al., 2013) indicating inherent differences between the two variables. 
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As with the UHI, the intensity of the UDI effect undergoes temporal change (Hage 

1975; Ackerman 1978). Yang Ren and Hou, (2017) observed stronger UDI effects in 

autumn and summer than in winter and spring in Beijing (humid continental climate). 

Contrary to this, Luo and Lau, (2019) observed stronger UHI intensities in spring and 

hot wet summers in the Yangtze River Delta Region (Monsoon subtropical). In the 

tropics, the intensity of the UDI was observed to be greatest during the dry season 

(Adebayo, 1991) in Ibadan, a city with a tropical wet and dry savanna. The wet-dry 

season dichotomy as the basis for quantifying seasonal changes in UDI intensity 

overlooks the gradual changes in water availability, potential evapotranspiration and 

evapotranspiration which are known to be affected by the UHI intensity (Zipper et al., 

2017). The sensitivity of the UDI to UHI (Zipper et al., 2017; Luo and Lau, 2019) 

necessitates inclusion of factors that influence UHI intensity such as urban form (intra-

urban urban climate variability), regional climate, and influence of scale discussed in 

section 2.1.2.1. Jochner et al., (2013) and Hass et al., (2017) observed that humidity 

differed in neighbourhoods of varying proportion of vegetation cover and impervious 

surfaces. However, intra-urban UDI intensity is still much less researched about and 

several recent studies use the urban rural dichotomy (e.g. Yang, Ren and Hou, 2017; 

Hao et al., 2018; Luo and Lau, 2019). Local and microscale neighbourhood 

characteristics (e.g. density of housing and vegetation cover) are a key factor that 

influence water availability (Figure 2-10) and future research ought to account for these 

differences in the characterisation of the UDI effect. Moreover, the combined effect of 

the factors determining urban climate makes each city unique in its own right in terms 

of urban climate (section 2.1.3) necessitating a wide range of empirical studies for the 

UDI phenomena. 

2.2 Vegetation Phenology 
The word Phenology comes from the Greek word ‘phaino’, that means to appear or to 

show, and vegetation phenology describes the study of repeated plant life cycle stages, 

their timing and the abiotic and biotic factors that trigger them (Fenner, 1998; 

Schwartz, 2003; Morisette et al., 2009). Knowledge on tropical phenology is very 

limited and the number of studies and knowledge of phenological processes in tropical 

urban environments is strikingly limited in comparison to higher latitudes (Jochner and 
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Menzel, 2015). Therefore, an extensive review of background knowledge on tropical 

phenology and urban phenology in general is presented to establish the research 

context and significance of this study.  

2.2.1 Quantifying vegetation phenology 

Biological processes occur at a multitude of temporal and spatial scales (Suni et al., 

2015) which can be represented using the levels of biological organisation. The levels 

of biological organisation are a reductionist approach depicting the hierarchical 

structure of biological systems and the relationships between strata based on 

biologically relevant criteria like composition and scale (Brooks and Eronen, 2018). The 

levels of organisation include: atom, molecule, cell, tissue, organ, organism, group, 

population, community, ecosystem, landscape, and biosphere (Brooks and Eronen, 

2018). In vegetation phenology studies, observation can be undertaken at different 

levels of organisation from individuals (e.g. flowers on a single plant) to the ecosystem 

levels. Each level has various selective forces and constraints (Rathcke and Lacey, 1985; 

Fenner, 1998; Hudson and Keatley, 2009; Shivanna and Tandon, 2014). Observations of 

the aggregate response of vegetation to their environmental conditions can be ideally 

done at the population level and above to understand ecosystem structure and 

function (Shivanna and Tandon, 2014).  

Vegetation development varies across plant functional types (grasses versus trees, 

aquatic versus terrestrial) and regional climate (winter dormancy versus tropical dry 

seasons). As such vegetation phenology involves studying of separate life histories 

commonly known as phenoevents including: leafing, flowering, fruiting, seed dispersal 

and germination stages (Rathcke and Lacey, 1985; Fenner, 1998). Phenoevents follow 

a temporal pattern that is quantified using several parameters as summarised in Table 

2-3. 

Table 2-3 summarises some of the phenology parameters that are recorded for given phenoevents 
(Fenner, 1998) 

Parameter Description 

Frequency Usually measured on an annual scale (i.e. number of times each 
year) 

Timing Start date of the earliest individuals, date of peak activity (mid) and 
end date (last sightings) 
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Duration Time lapse between the start and end date 

Magnitude Mean, variability and intensity (amplitude) 

Degree of 
synchrony 

Within and between species 

 

The study of vegetation phenology traditionally involves visually observing the 

structural aspects of vegetation development of individuals or populations for given 

species (Fenner, 1998; Rathcke and Lacey, 1985). On the other hand, functional 

aspects relating to the properties of vegetated surfaces (vegetation greenness activity) 

can be derived from satellite imagery to represent phenology of the landscape and 

ecosystems as a whole (Liang and Schwartz, 2009; Morisette et al., 2009; Reed, 

Schwartz and Xiao, 2009; Hanes, Liang and Morisette, 2014). Phenology at the 

landscape level is inherently different form phenology at the species level (Badeck et 

al., 2004; Liang and Schwartz, 2009) and both approaches corroborate each other in 

the understanding of phenological processes. 

2.2.2 Remote sensing phenology 

Vegetated surfaces contain chlorophyll pigment which reflects Near-infrared and green 

light, while absorbing parts of the visible light spectrum (blue and red). Vegetation 

chlorophyll content influences photosynthetic activity and determines the proportion 

of incoming electromagnetic radiation coming from the sun that is absorbed, 

transmitted or reflected and detected by optical satellite sensors (Morisette et al., 

2009; Reed, Schwartz and Xiao, 2009; Hanes, Liang and Morisette, 2014). Vegetation 

Indices (e.g. Normalised Difference Vegetation Index and Enhanced Vegetation Index) 

connoting canopy “greenness,” the combined property of leaf chlorophyll content, leaf 

area, canopy cover and structure are computed from remote sensors (Huete et al., 

2011) and their temporal changes (Figure 2-11) used as the basis for landscape 

phenology (Morisette et al., 2009; Reed, Schwartz and Xiao, 2009; Hanes, Liang and 

Morisette, 2014). Vegetation temporal or seasonal changes involves growth, 

establishment and senescence of leaves with each change altering photosynthetic 

activity. Landscape phenological metrics (Table 2-4) can be derived using time series of 

vegetation reflectance to depict these changes in vegetation (Eklundh and Jönsson, 

2015, 2016).  
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Figure 2-11 Temporal changes in vegetation within a given growing season from a remote sensing 
perspective (Adapted from: Eklundh and Jönsson, 2015, 2016) 

Table 2-4 Landscape phenological metrics derived from remote sensing (Source: Eklundh and Jönsson, 
2015, 2016) 

Phenology metric Definition and ecological meaning 

Start of Season Timing (Day of year) of the start of the growing season 
denoting increment in photosynthetic activity 

End of Season Timing (Day of year) of end of the growing season following a 
decline in photosynthetic activity 

Mid/Peak of season Timing (Day of year) of peak photosynthetic activity/primary 
production 

Season length Duration of the growing season (difference between the start 
and the end of the vegetation growing season) 

Amplitude The change in photosynthetic activity across the growing 
season and represents the strength of the seasonality (i.e. 
primary production) 

Green-up rate Represents the rate of increase of leaf flush events 

Senescence rate Denotes the rate of increase of senescence events 

Integral over the 
growing season 

Cumulative primary production across the growing season 

 

Although both visual and satellite remote sensing phenology methods are related with 

biological phenomena, the two approaches are inherently different (Badeck et al., 

2004; Morisette et al., 2009; Hanes, Liang and Morisette, 2014; Jochner and Menzel, 

2015) and a summary of these differences is presented in Table 2-5. Near surface 
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remote sensing phenology through the deployment of optical and radiometric sensors 

above the ground (50 m or less) to quantify changes in the land surface (Richardson, 

Klosterman and Toomey, 2013; Brown et al., 2016; Alberton et al., 2017) is a novel and 

promising technique that bridges the understanding between direct visual 

observations (organism scale) and satellite based phenology (landscape scale) 

approaches. Near surface remote sensing characterises landscape phenology in a way 

similar to satellite remote sensors, but at higher spatial and temporal resolution. 

Although near surface remote sensing has advantages that overcome some of the 

challenges associated with visual observations (e.g. observer error) and satellite 

remote sensing, near-surface remote sensing is not without flaws (Table 2-5). Each 

phenological method has unique attributes that overcome the challenges of another 

and neither method can wholly override another. This highlights the need for 

integrated approaches that draw on a combination of methods as a number of studies 

have shown (e.g. Reed, Schwartz and Xiao, 2009; Liang, Schwartz and Fei, 2011; 

Hufkens et al., 2012; Jochner and Menzel, 2015; Donnelly and Yu, 2017; Lim et al., 

2018; Richardson et al., 2018). The use of combined approaches corroborates an 

understanding of phenological processes at multiple spatial and temporal scales. 

Table 2-5 showing the merits and demerits for different methods for undertaking landscape 
phenology observations (source: Schwartz, 2003) 

 
Pros Cons 

Ground 
Observations 

-Enables observation of individual 
plants and species 
-Wide range of pheno-phases (e.g. 
flowering, budburst) can be observed 

-Spatial coverage is limited 
-Temporal resolution often too low 
and inadequate (weekly) 
-Observer bias (subjectivity) 
necessitating the use of a few 
observer 

Remote 
Sensing 

-Measures seasonal greening 
-Provides spatial integration 
represented as pixel level data 
-Large area coverage 

-Limited to studying landscape 
processes 
-Cloud cover 
-Possibility of errors in atmospheric 
correction 
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Near Surface 
Remote 
Sensing 

-Allows for quantification of both 
seasonal greening and specific 
phenophases 
-Both spatial integration (pixel data) 
and specific phenophases of  
-High temporal coverage 
-Possibly for both spatial integration 
and individual observation 
-Properties of canopy structure (Leaf 
Area Index) and function 
(photosynthetic activity) can be 
separated 

-Instrument fragility 
-Requires specific infrastructure for 
data management (internet 
connectivity,  data logging equipment 
and mounting structure like masts) 
-Limited spatial coverage 
-Standards for data collection are 
generally lacking 

 

2.2.3 Drivers of vegetation phenology 

An understanding of the main factors driving vegetation phenology is critical for design 

of phenological studies.  

 Primary drivers 2.2.3.1

The primary drivers of phenology are the natural environmental triggers that 

determine critical events like the start and end of season. They are categorised into: 

internal factors which represent the intrinsic attributes of individual plants; and 

external environmental factors whose effects cuts across all levels of biological 

organisation (i.e. from organism to biosphere). The main intrinsic properties include: 

genetic composition, age and species (Schaber and Badeck, 2003; John King, 2011). On 

the other hand, external factors include variability in abiotic factors that control 

photosynthetic activity (i.e. light, temperature, soil moisture and nutrients) and biotic 

factors such as pollinator activity, pathogens and herbivore activity (Rathcke and 

Lacey, 1985; van Schaik, Terborgh and Wright, 1993; Fenner, 1998). Biotic, abiotic and 

intrinsic factors might act alone or in combination to influence phenology (Neil and 

Wu, 2006). Abiotic factors vary geographically largely due to differences in insolation, 

resulting in regional climatic and biome type differences, which in turn result in 

geographical differences in phenology (Rathcke and Lacey, 1985; Zhang, Friedl and 

Schaaf, 2006; J King, 2011).  

In temperate and boreal regions where insolation varies strongly across a given year, 

vegetation phenology is primarily determined by temperature (White, Thornton and 
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Running, 1997; Menzel et al., 2006; Zhang, Friedl and Schaaf, 2006; Clinton et al., 

2014) and photoperiod (Schwartz, 1998; Zhang, Friedl, Schaaf and Strahler, 2004). In 

the tropics, temperature is fairly stable all year round and the temporal changes in 

water/rainfall  and irradiance  are the key drivers of phenological changes for 

seasonally dry and aseasonal (water is abundant; evergreen vegetation type) biomes 

respectively (van Schaik, Terborgh and Wright, 1993; Fenner, 1998; Borchert, Rivera 

and Hagnauer, 2002; Zhang et al., 2005; Zhang, Friedl and Schaaf, 2006; Guan et al., 

2013; Clinton et al., 2014; Guan et al., 2014; Abernethy et al., 2018). 

 Secondary drivers 2.2.3.2

Other than the natural primary drivers that initiate vegetation growth, secondary 

drivers could influence phenology as limiting factors or environmental stressors. In 

temperate regions, variability in rainfall, humidity, land cover are among the factors 

that influence phenology (Menzel and Fabian, 1999; Primack et al., 2004). This 

knowledge comes as a result of long term monitoring. Compared to temperate regions 

which have records that date back as far as three centuries ago, phenology in the 

tropics is only as recent as the 1950s (Abernethy et al., 2018). A large proportion of the 

first tropical phenology studies focused on descriptive work of early naturalists and the 

reproductive phenological characteristics (i.e. flowering and fruiting) of specific food 

plants for wildlife (Borchert, 1983). These efforts overlooked the wider diversity of 

tropical vegetation and phenoevents (Abernethy et al., 2018). Reforms in tropical 

phenology in the 1990s towards understanding the environmental context and 

physiology of vegetation has led to an increase in number of tropical phenological 

studies (Abernethy et al., 2018). However, a vast number of empirical studies on 

sensitivity of phenology to different abiotic condition are still needed to narrow the 

knowledge gap of phenology between the tropics and higher latitudes. Moreovoer, 

this would involve undertaking studies over a wide range of tropical regions and 

biomes including those located in Africa that remain largely under-researched (IPCC, 

2014; Fitchett, Grab and Thompson, 2015; Adole, Dash and Atkinson, 2016; Abernethy 

et al., 2018). 
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 Effects of temperaure on tropical phenology 2.2.3.3

Although phenology is considered to be less sensitive to temperature in the tropics 

than temperate regions (Zhang et al., 2005; Zhang, Friedl and Schaaf, 2006), predicted 

increases in temperature due to climate changes make relevant the need for 

understanding the influence of temperature variability on phenology in the tropics. 

Given the limited knowledge on temperature-phenology interactions in the tropics, 

phenological parameters like producition, magnitude and intensity (Fenner, 1998) can 

be exploited in addition to timing of phenoevents to understand how tropical 

phenology might be influenced by temperature. This is relevant because vegetation 

phenology and productivity are mutually constitutive of one another (Asner, Townsend 

and Braswell, 2000; Yan et al., 2019), in a way that the productivity in a given growing 

season affects the phenology in the season that comes after (Singh and Kushwaha, 

2016).  

Optimal temperature is essential for vegetation productivity (Hatfield and Prueger, 

2015; Gray and Brady, 2016) and agriculture in tropical regions (Brown, de Beurs and 

Vrieling, 2010). Temperature has been observed to stress and limit vegetation growth 

and development in tropics (Workie and Debella, 2018). Experimental manipulations 

of temperature to sub-optimal levels decreases leaf and canopy gaseous exchange 

(Doughty and Goulden, 2008) and reduces maximum net photosynthesis (Cunningham 

and Read, 2002) in climax forest species (Cheesman and Winter, 2013b) and montane 

plant species (Varhammar et al., 2015) in the tropics. In other experiments, however, 

increased temperature generally favours growth of pioneer tropical tree species (e.g. 

Ficus insipida, Ormosia macrocalyx) (Cheesman and Winter, 2013b). Additionally, 

elevated night time temperature results in up to a 2-fold biomass accumulation of 

some tropical tree species’ seedlings (Cheesman and Winter, 2013a). This highlights 

the importance of temperature-dependent night-time processes that are different 

from photosynthesis directed growth (Cheesman and Winter, 2013a). However, 

comparisons between experimental warming studies and empirical phenology studies 

in temperate regions have shown that warming experiments underpredict plant 

phenological responses to climate change (Wolkovich et al., 2012). Therefore, 

experimental studies cannot be the sole basis for grasping the impacts of temperature 
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and climate variability on tropical phenology. This shows a need for empirical field 

studies on these phenomena in tropical biomes. 

2.3 Phenology in urban environments 
Phenology is widely considered to be a crucial indicator of environmental change with 

a wide range of applications for environmental monitoring. These include: monitoring 

terrestrial responses to climate variation (Schwartz, 1998, 2002; Menzel and Fabian, 

1999; Neil and Wu, 2006; Abernethy et al., 2018), assessing variability in terrestrial 

productivity (Dj, 1996; Badeck et al., 2004); analysing surface and boundary layer 

climate processes (White et al., 2002); and evaluating the effects of land-use change 

(e.g. urbanisation) (Zhang, Friedl, Schaaf, Strahler, et al., 2004). Of critical importance 

for global sustainability is the ability to track the ecological impacts of climate change 

using phenology, as noted in the IPCC Fourth Assessment Report (Rosenzweig et al., 

2007). An understanding of the influence of climate change induced temperature 

changes on phenology could be acquired using “Space-for-Time” (SFT) (Jochner and 

Menzel, 2015). This is because SFT assumes that the influence of a given climatic 

variable on biological processes is comparable between space and time if the 

continuum of the climate variable of interest is the same across space and time.  

Cities are microcosms of the atmospheric changes expected to occur at a global level 

including climate change-induced increases in temperature and can therefore be used 

as proxies to investigate the ecological impacts of climate variability (McDonnell and 

Pickett, 1990; Neil and Wu, 2006; Grimm et al., 2008; Youngstead et al., 2015; 

McPhearson et al., 2016; Kabisch et al., 2017). Moreover phenological studies in cities 

enable quantification of the effects of urban climate variability (specifically UHI) on 

phenology (Neil and Wu, 2006; Buyantuyev et al., 2012; Jochner and Menzel, 2015). 

Cities in temperate climates experience earlier start of the vegetation growing season 

and longer durations of the vegetation growing season in comparison to their 

neighbouring rural surrounding due to the UHI effect (e.g. Neil and Wu, 2006; Jochner 

and Menzel, 2015). Moreover, the UHI effect has been observed to have a varying 

impact on species (Jochner and Menzel, 2015). The UHI effect provides optimal 

temperature conditions for vegetation growth after wintertime dormancy. Also, 
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vegetation phenology has been observed to be sensitive to local environmental 

settings such as land cover and urban form that drive the UHI effect (Jochner et al., 

2012; Jochner, Alves-Eigenheer, et al., 2013; Zhang et al., 2014; Melaas et al., 2016; 

Zipper et al., 2016).  

Other than the UHI effect, the importance of other abiotic factors (e.g. soil moisture) is 

increasingly being acknowledged in temperate settings (e.g. Neil and Wu, 2006; 

Jochner et al., 2011; Buyantuyev and Wu, 2012; Jochner and Menzel, 2015; Walker, de 

Beurs and Henebry, 2015). However, the influence of the UDI effect and surface 

moisture on urban phenological processes remains far less studied than the UHI effect. 

Traditionally, quantification of the impacts of urbanisation and the UHI effect involved 

comparing phenological processes between urban and rural areas (e.g. Roetzer et al., 

2000; White et al., 2002; Zhang, Friedl, Schaaf, Strahler, et al., 2004; Gazal et al., 2008; 

Jochner et al., 2011). However, heterogeneity of urban form and structure within cities 

and along the urban-rural urbanisation intensity gradient creates a myriad of spatially 

varying ecological forcing functions (e.g. climatic elements of relative humidity and 

temperature) and processes within cities (McDonnell and Pickett, 1990) which 

influence phenology on a local scale (Jochner, Alves-Eigenheer, et al., 2013). 

2.3.1 Phenology in tropical urban environments 

In tropical climates where temperatures are warm all year round, and soil moisture is 

the primary factor driving vegetation activity, (Borchert, 1983; Clinton et al., 2014; de 

Camargo et al., 2018), far fewer urban phenological studies have been carried out. The 

few phenological studies undertaken to date in tropical cities (e.g. Gazal et al., 2008; 

Jochner, Alves-Eigenheer, et al., 2013) have assessed the effect of the UHI in 

comparison to temperate cities and found that the effect of UHI on timing of start of 

the growing season (bud burst) in tropical cities was weaker than in temperate cities. 

This could be because of milder seasonal temperature changes in the tropics as 

compared to temperate regions.  

Gazal et al., (2008), observed that some of tropical cities in their study showed 

patterns opposite to the temperate classic paradigm of earlier start of season. In this 

study, temperature data was derived from a single point in time which might not have 
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been representative of the  spatiotemporal differences in temperature as has been 

about the seasonality of UHI intensity (Roth, 2007). Moreover individual aspects of 

land cover such as fractional vegetation cover and impervious surface areas as 

opposed to land cover composition wholly were the basis for examining the influence 

of urbanisation on phenology. Land cover composition is increasingly being given 

precedence over individual components of land cover to understand urban climate 

spatial variability (Stewart and Oke, 2012) and a similar approach ought to be adopted 

for phenology. Gazal et al., (2008) postulated that the observed phenological 

differences in tropical cities might have been as a result of Vapour Pressure Deficit that 

has a direct relationship with relative humidity and soil moisture, highlighting the 

importance of the urban dryness island effect whose effect on tropical urban 

phenology remains much less studied. Jochner et al., (2013) established that relative 

humidity had a relationship with the leaf unfolding of Tabebuia chrysotrich and leaf 

phenophase of Tipuana tipu was sensitive to the UHI effect. These two studies covered 

a few select species, highlighting the need for other exemplary studies that assess the 

phenological responses of other tropical trees. 

 Canopy phenology in tropical urban environments 2.3.1.1

The existing literature on tropical urban phenology has almost exclusively focused on 

the timing of the start of the growing season (e.g. Gazal et al., 2008; Jochner, Alves-

Eigenheer, et al., 2013), yet other phenological parameters like the magnitude, 

intensity and duration (Fenner, 1998; Denny et al., 2014) remain unexplored. There is 

an established body of literature showing that decrease in moisture and increase in 

temperature during the dry season drives leaf loss and the extent of canopy cover 

change varies between species (e.g. Williams et al., 1997; Condit et al., 2000; Valdez-

Hernandez et al., 2010; Dalmolin et al., 2015; de Camargo et al., 2018). The study of 

canopy phenology is increasingly useful for understanding the ecological impacts of 

climate change (Singh and Kushwaha, 2016; Abernethy et al., 2018) yet it remains 

much less studied in urban environments. 

In tropical cities, trees might experience heavier losses of leaves than they normally 

would due to the UDI and UHI effect. The significance of this is that heavy loss of 

leaves in a given period might affect the productivity of vegetation in successive 
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growing seasons with implications for the provision of regulatory functions (Singh and 

Kushwaha, 2016) and the extent of shading offered from tree stands in cities.  

 Landscape phenological processes in tropical urban environments  2.3.1.2

Satellite-based remote sensing phenology as a proxy for leaf phenology is increasingly 

being adopted to understand the drivers and responses of climate variability 

(Abernethy et al., 2018). Multiple studies have been undertaken in temperate cities 

(White et al., 2002; Zhang, Friedl, Schaaf, Strahler, et al., 2004; Han and Xu, 2013; 

Dallimer et al., 2016; Zhou et al., 2016; Zipper et al., 2016; Melaas et al., 2016; Gervais, 

Buyantuev and Gao, 2017; Li et al., 2017; Qiu, Song and Li, 2017; Yao et al., 2017; 

Parece and Campbell, 2018; Ren et al., 2018) and shown that the UHI effect creates 

optimal conditions for vegetation growth resulting in longer vegetation growing 

seasons in urban than rural areas. Furthermore, the length of the vegetation growing 

season was observed to be highly localised within cities due to differences in land 

cover composition (Melaas et al., 2016; Zipper et al., 2016; Parece and Campbell, 

2018). Green spaces within cities exhibited season lengths similar to rural areas due to 

comparably similar cool temperatures (Melaas et al., 2016; Zipper et al., 2016). 

Equivalent understanding of the effect of differences in urban form and the urban 

climate effect along the urban-rural gradient (McDonnell and Pickett, 1990) on 

phenology in tropical cities is lacking. This is intimately tied to the notion of a lack of 

phenological studies on the leafing characteristics of trees (i.e. duration and 

magnitude) in tropical cities. Landscape phenology through remote sensing is 

inherently different from visual observations (Badeck et al., 2004), necessitating 

studying canopy changes at both species and landscape level in tropical urban 

environments. 

2.3.2 Conclusion 

 Knowledge gaps 2.3.2.1

The flow and exchange of energy and materials such as trace gases, nutrients and 

water between vegetation and the surrounding environment is bidirectional and varies 

at different spatial and temporal scales (Field et al., 2007; Hungate and Koch, 2015; 

Suni et al., 2015). The continual feedback loop of materials and energy exchange 

between vegetation and its environment demonstrates that vegetation and its 
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surrounding are mutually constitutive of one-another and need to be understood 

together.  

Urbanisation is a form of extreme land cover and land use change that alters the flow 

of energy and materials leading to a unique urban climate. Phenology in cities has 

been used to gain an understanding of how vegetation growth and development might 

be affected by variability in urban. However, this research is strikingly lacking in the 

tropical context. Also, although phenology to a large extent is used to preview the 

effects of environmental change on vegetation, the extent of vegetation feedback into 

the climate system would be influenced by phenology. Assessment of phenology in 

tropical cities at different temporal and spatial scales could therefore benefit the 

understanding of the relatedness of spatial and temporal variability of phenology and 

ecosystem services in tropical cities. 

A vast majority of urban climate studies have emerged from Asian countries, which do 

not reflect the inherent physical nature and regional climate of African cities. 

Therefore, in addition to there being a need for more tropical urban climatic studies in 

Africa, is the need for urban phenology in Africa and the tropics at large. These studies 

ought to be undertaken at a variety of spatial and temporal scales including phenology 

at the landscape and species. Also, the wide range of phenology parameters (e.g. 

intensity and magnitude) spanning the vegetation growing season should be exploited 

in addition to the timing of pheno-events. This would benefit the understanding of the 

influence of secondary drivers and stressors in addition to the established primary 

drivers of phenology that initiate the start of the growing season. As such the influence 

of a wide range of spatially varying climate variables (e.g. surface moisture and relative 

humidity) on phenology can be evaluated. 

 Research questions 2.3.2.2

In view of the knowledge gaps identified from this literature review, three main 

research questions (Table 2-6) emerge, forming the foundation of this thesis. The 

literature review also considers the geographic representativeness of the existing 

tropical urban ecology studies to identify sub-Saharan Africa as a suitable location to 

empirically test specific hypotheses (Table 2-6). 
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Table 2-6 summarising the knowledge gaps identified from the literature review and the and specific 
hypotheses that this study aims to investigate 

Research questions  Specific hypotheses 

Temperature in 
tropical moist climate 
types is above the 
minimum 
requirement for plant 
physiologic activity. 
Therefore would we 
expect the UHI to act 
as a limiting factor 
(stressor) for the 
vegetation growing 
season length? 

The magnitude of surface temperature between the most-built 
up and least built-up urban form types differs across years due to 
inter-annual climatic differences  

Heavily/intensively built-up locations and locations closest to the 
city centre exhibit shorter vegetation growing seasons 

Spatial and temporal differences in surface temperature influence 
the growing season length such that, increased surface 
temperature shortens the vegetation growing season 

What is the combined 
effect of changes in 
surface moisture, 
surface structure and 
cover on urban 
climate (i.e. UHI and 
UDI)? 

The magnitude of spatial variability in urban climate is dependent 
on surface moisture and will increase with the advancement of 
the dry season 

The influence of specific types of land cover (e.g. proportion of 
tree cover) on UDI and UHI changes between the wet and the dry 
season 

How do intra-urban 
differences in surface 
cover and structure 
and urban climate 
influence the canopy 
phenology of tropical 
trees? 

Trees in heavily built up neighbourhoods would experience higher 
rates of decline in canopy cover in comparison to less built 
neighbourhoods 

Differences in tree canopy cover change between heavily and 
lightly built neighbourhoods differ between tree species 

Leaf production and leaf loss are accounted for by differences in 
land cover and urban climate 
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 METHODOLOGY CHAPTER 3.

This chapter provides a description of the study area and the methods used in this 

study. This chapter is structured around the empirical approaches used in the current 

study to quantify urban climate and its impact on vegetation phenology at the 

landscape (influence of local scale climate), and the tree species levels (influence of 

microscale climate). The methodology for investigating the spatiotemporal dynamics 

of urban climate during the wet-dry season is covered under phenological processes of 

individual trees (3.3). Further details about the methods for each one of the three 

research aims (1.4) are included in the methodology section of the research results 

under Chapters four, five and six. 

3.1 Study area 
Single city studies have successfully been used to investigate phenological processes at 

the landscape scale (e.g. Melaas et al., 2016; Zipper et al., 2016, 2017; Gervais, 

Buyantuev and Gao, 2017; Parece and Campbell, 2018) and for individual tree species 

(e.g. Ziska et al., 2003; Lu et al., 2006; Mimet et al., 2009; Neil, Landrum and Wu, 2010; 

Jochner, Caffarra and Menzel, 2013). Therefore, a single tropical case study city was 

deemed feasible for investigating the influence of urban climate on vegetation 

phenological processes at both landscape and species levels. 

3.1.1 Criteria for Choice of study area 

To identify a city where the study would be carried out, profiles of different cities were 

accessed using searches on the internet and each city’s physical characteristics 

explored using Google Earth. The search was constrained to African cities, because of 

their limited coverage in the body of literature on tropical urban ecology. The first 

criterion was the size and population of given city highlighting a substantially large city 

with a wide range of urban form from heavily built to unbuilt (highly vegetated) 

locations. This would enable sampling to be carried on urban climate and phenological 

processes across a wide range of neighbourhoods of varying urban form. The second 

criterion was geographical location within the tropical belt (within 23.5 °N and 23.5° S) 

and with a “moist” tropical climate type as there are fewer tropical than subtropical 
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urban climate studies. Cities in arid regions and highland areas (i.e. subtropical 

highland climate) were subsequently dropped from the selection. The third criterion 

was ease of organising logistics for undertaking the fieldwork. Existing prior knowledge 

of the city and ease of establishing networks for data collection were criteria that were 

highly prioritised given the time constraints of a PhD project. Kampala emerged top of 

the list because of its large city size, wide range of urban form types and tropical 

rainforest climate for which too few urban climate studies are documented. 

3.1.2 Description of study area 

Kampala is the capital city and largest city of Uganda and is located at 

00°18′49″N 32°34′52″E. (i.e. less than 0.5° north of the equator; Figure 3-2) with an 

altitude of roughly 1200 m.a.s.l. Kampala has an area of about 181 Km2, and a 

population of over 1.65 million inhabitants (i.e. population density approximately 9000 

inhabitants/km2; from Brinkhoff (2019, http://www.citypopulation.de/). 

Kampala is rapidly urbanising each year (Bidandi and Williams, 2017 and references 

therein) and the city has expanded beyond the central city boundary to incorporate 

former satellite towns and surrounding rural areas (Vermeiren et al., 2012). The rapid 

horizontal growth of the city has created an urban surface covering more than 800 km2 

referred to as the Kampala greater metropolitan area (Vermeiren et al., 2012). Like 

several other cities in sub-Saharan Africa, the urban planning institutions have been 

unable to cope with the rapidly growing urban population resulting in polarised urban 

growth and informal development (Bidandi and Williams, 2017; Pérez-Molina et al., 

2017) as can be seen by irregular patches of heavily built-up urban areas in Figure 3-2. 

Kampala has a tropical rainforest equatorial climate (Af) according to the Köppen 

climate classification, characterised by two rain seasons (March-May and September-

November) and annual precipitation of about 1,200 mm based on a thirty years 

climatic record (data source: WMO, 2016). The March to May rain season is shorter 

but more intense than the September to November rain season (Figure 3-1). The 

heaviest rains are typically in April (~169 mm), whereas July represents the driest 

(roughly 63 mm) month of the year. July is the coolest month of the year, whereas 

February represents the warmest month.  However, the weather conditions have 

http://www.citypopulation.de/
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changed over recent years, characterised by increased temperature and irregular 

rainfall patterns (Sabiiti et al., 2014; Mubiru et al., 2018). 

 

Figure 3-1: shows climate records of Kampala over a period of 30 years (adapted from: WMO, 2016) 

Kampala is bordered by Lake Victoria to the south and has an extensive network of 

wetlands draining into the lake (Figure 3-2). The city lies in the ‘forests of the Lake 

Victoria belt’ characterised by short grasses at hilltops, elephant grass thickets with 

mixed cultivation at the hillsides and forests and swamps in the valleys (FAO, 1981). 

Under these regimes, climax forests are dominated by the genera Celtis, 

Chrysophyllum, Aningera, Piptadenniastrum, while the succession forests are 

characterised by the genera Albizia, Antiaris, Blighia, Canarium schweinfurthii, Celtis, 

Entandophragma, Fagara, Lovoa, Majidea and Pycanthus. The understorey of these 

forest habitats is dominated by the genera Trichilia, Teclea, Lycnodiscus, Lasiodiscus 

and Acalypha (FAO, 1981).  

A significant proportion of the city’s wetland and green areas have been replaced by 

built-up areas (Schuyt, 2005; Vermeiren et al., 2012, 2013) and indigenous trees 

species replaced by exotic fast-growing tree species for ornamental purposes or source 

of fruit. According to an unpublished survey conducted by the Kampala Capital City 

Authority (KCCA) in 2015, 8 of 9 of the most common species in the central business 

district (CBD) of Kampala were exotic. 
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Figure 3-2: 
Land use 
and land 
cover types 
in Kampala 
(30 m 

spatial 
resolution) 
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3.2 Local scale climate and landscape phenological processes 
This section describes the methods that were used for acquiring and processing data 

to link landscape phenological processes to local climate. Urban form and function are 

critical for understanding how local climate impacts on landscape phenology (see 

section 2.1.1) and an ideal approach for urban form characterisation will concede that 

urban features have a combined effect on climate within a given space (see section 

2.1.2.3). Tied to the notion of urban form is the fact that the effect of diminishing 

development along the urban-rural gradient on urban climate and ecological processes 

decays with increased in distance from the CBD (see 2.1.2.3). As such urban form and 

distance from the CBD are combined as factors that would drive climate and 

phenology. 

3.2.1 Urban form characterisation 

Urban form within Kampala was mapped using the Local Climate Zone (LCZ) 

classification scheme (Stewart and Oke, 2012) as shown in Figure 3-5. The local climate 

zone (LCZ) scheme enables universal characterisation of cities (Stewart and Oke, 2012) 

with extensive usage and validation in the discipline of urban climate (Fenner et al., 

2014; Ketterer and Matzarakis, 2015; Demuzere et al., 2017; Kotharkar and Bagade, 

2018; Perera and Emmanuel, 2018; Brousse et al., 2019; Mushore et al., 2019). Local 

climate zones represent areas of homogenous land cover composition and climate 

(minimum area of radius = 200 m). The LCZ scheme has a number of positive attributes 

including: [1] a wide range of LCZ classes (i.e. up to 17 classes; Figure 3-4) that 

exemplify the continuum of differences in surface cover and structure from urban to 

rural areas of most cities in the world (Stewart and Oke, 2012); [2] provision for 

combining classes or creating new classes (Kotharkar and Bagade, 2018; Brousse et al., 

2019); [3] ease of systematic and objective creation of maps covering entire cities and 

their neighbouring rural areas through the World Urban Database and Access Portals 

Tools (WUDAPT) (Bechtel et al., 2015, 2019). Therefore, the LCZ scheme is increasingly 

being integrated in the discipline of urban climatology (Stewart, Oke and Krayenhoff, 

2014; Geletič, Lehnert and Dobrovolný, 2016; Kotharkar and Bagade, 2018; Mushore et 

al., 2019) and the wider field of urban ecology (Perera and Emmanuel, 2018; Verdonck 

et al., 2018; Brousse et al., 2019; Franco et al., 2019). 
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The WUDAPT protocol and workflow that classifies local climate zones at a city scale 

(Figure 3-3) using LANDSAT 8 OLI-TIRS remotely sensed satellite imagery (Bechtel et al., 

2015, 2019) was used for generating a map of Kampala’s LCZs. This was achieved in a 

3-step process involving: (i) acquisition and preprocessing of cloud-free LANDSAT 8 

images, (ii) generation of training areas in google earth (iii) classification using 

supervised machine learning in System for Automated Geoscientific Analysis (SAGA)-

GIS (Conrad et al., 2015). 

 

Figure 3-3 showing a workflow for LCZ classification using SAGA-GIS and Google Earth (grey fill 
polygons) (Adapted from: Bechtel et al., 2019) 

Selection of multiple satellite images taken on different dates for the LCZ classification 

is recommended in order to account for the spectral changes resulting from seasonal 

changes in vegetation cover (Cai et al., 2018; Bechtel et al., 2019). However, only two 

LANDSAT8 OLI-TIRS scenes (taken on 27/02/2015 and 15/03/2015) were available for 

the classification and were downloaded from the US Geological Survey Earth Explorer 

(USGS, 2016). Radiometric calibration of the images to Top of Atmosphere Reflectance 

alone is sufficient for LCZ mapping (Bechtel et al., 2015) and was performed in ENVI5.4. 

Nine of the 11 LANDSAT 8 bands (i.e. except band 8 – panchromatic band and band 9 – 

cirrus band) were used in the classification. The images were resampled from 30 to 

100 m for attribution of local climate to the combined spectral signal of all urban 

surface features than individual features (Cai et al., 2018). The training areas were 

digitised (vectorised kmz files) in GoogleEarth for each LCZ types because of the high 

spatial resolution which enables clear and accurate delineation of different LCZ types. 
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Figure 3-4 structural characteristics of local climates zones (adopted from Stewart and Oke, 2012) 
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Compact low rise with bare soils (i.e. LCZ3_F) was included in the selection of LCZ-

classes as other studies have done (Kotharkar and Bagade, 2018) to highlight this 

pattern of urban form in Kampala that is absent in the standard set of LCZ classes 

(Stewart and Oke, 2012). The processed LANDSAT8 images and training areas were 

used as inputs in SAGA-GIS 2.1.2 to classify the local climate zones of Kampala using 

random forest classifier (Figure 3-3).  

The Random Forest (RF) is a classification and regression algorithm that consists of 

many individual decision trees that operate as an ensemble (Zhang et al., 2019). A 

classification is achieved using a random sub-sample (from the pool of data), from 

which a user-specified amount of iterations and the average taken into account to 

improve accuracy and minimise over-fitting. In other words, RF operates by 

constructing several decision trees at training and outputting the class that is the mean 

prediction (regression) or mode of classes (classification) of the individual trees (Zhang 

et al., 2019). RF runs efficiently on large data and input variables and the tree provides 

unbiased estimates and visual representation of which classes are most important. RF 

enables computation of differences and similarities between variables and the 

uncertainty of classification. Random Forest is easily accessible in a number of open 

source software such as SAGA-GIS which uses RF to assign an LCZ types to each image 

pixel (Bechtel et al., 2019). 

Post-classification majority filtering was undertaken as a noise reduction technique to 

remove isolated pixels from the classification output by setting the search radius to 1 

pixel in SAGA-GIS. Assessments of the quality of the LCZ map output (in google earth), 

resulted in iterative changes to the training areas and image reclassification to improve 

the representativeness of the mapped LCZs across Kampala. A summary of the 

proportion of area covered by each LCZ in the final LCZ map (Figure 3-5) is presented in 

Table 3-1. 
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Figure 3-5: An 
LCZ map of 
Kampala (100 
m resolution). 
The central 

business 
district is 
comprised of 

compact 
midrise and 
compact low 
rise LCZ types 
whereas less 
built LCZ types 
extend out of 
the city. The 
blue circle 
represents the 
region of 
interest that 
was the main 
focus of 

subsequent 
analysis within 
20 km of city 
centre (i.e. 

compact 
midrise and 

compact 
lowrise) 
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Table 3-1: Surface area and proportion of resulting LCZ classes within 20 km from the city centre 
(compact midrise and compact low rise) 

LCZ 
class LCZ name 

Surface area 
(km2) Surface area (%) 

LCZ 2 Compact midrise 4.6 0.3 

LCZ 3 Compact lowrise 8.3 0.5 

LCZ3_F 
Compact lowrise_Bare 
soil 134.0 8.3 

LCZ 5 Open midrise 28.5 1.8 

LCZ 6 Open lowrise 136.6 8.5 

LCZ 8 Large lowrise 11.2 0.7 

LCZ 9 Sparsely built 277.4 17.2 

LCZ  A Dense trees 23.1 1.4 

LCZ B Scattered trees 854.0 53.1 

LCZ F Bare soil or sand 2.3 0.1 

LCZ G Water 128.7 8.0 

 

 Vegetation abundance 3.2.1.1

Vegetation indices derived from satellite remote sensing are a useful data source for 

characterising spatial differences in land cover and can be used to depict vegetation 

abundance (e.g. Weng, Lu and Schubring, 2004; Yuan and Bauer, 2007; Senanayake, 

Welivitiya and Nadeeka, 2013). Vegetated surfaces contain chlorophyll pigment which 

reflects Near-infrared and green light, while absorbing parts of the visible light 

spectrum (blue and red). Vegetation chlorophyll content influences photosynthetic 

activity and determines the proportion of incoming electromagnetic radiation coming 

from the sun that is absorbed, transmitted or reflected and detected by optical 

satellite sensors (Morisette et al., 2009; Reed, Schwartz and Xiao, 2009; Hanes, Liang 

and Morisette, 2014). Vegetation Indices (e.g. Normalised Difference Vegetation Index 

and Enhanced Vegetation Index) are proxy measures of canopy “greenness,” 

combining properties of leaf chlorophyll, leaf area, canopy cover and structure (Huete 

et al., 2011). 
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Surface cover characteristics across Kampala were derived from the MODIS13Q1 

product with a resolution of 250 m to be matched to the respective LCZ units. The 

MOD13Q1 images for 2013 that represented a typical year unaffected by climate 

anomalies were downloaded from the Oak Ridge National Laboratory (ORNL), 

Distributed Active Archive Centre (DAAC), of the National Aeronautics and Space 

Agency (Daac.ornl.gov, 2016).  

The average of the Enhanced Vegetation Index (EVI) was computed in ArcGIS 10.4 for 

each pixel for all images across 2013 using the raster calculator tool. The MODIS13Q1 

product is a 16-day composite image of the Enhanced Vegetation Index (EVI) derived 

from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensors onboard 

the Terra and Aqua satellites. EVI was selected because of the following reasons: (1) 

EVI minimizes canopy background variations and maintains sensitivity over dense 

vegetation (Huete et al., 2011) making it robust for urban environments; (2) EVI images 

acquired on a daily basis enable the acquisition of representative measures of 

vegetation abundance across a given year, in comparison to satellite sensors (e.g. 

LANDSAT) that have a longer revisit time and have few usable images each year. 

Equation 3-1: Retrieval of the Enhanced Vegetation Index from the Red, Near Infrared and Blue bands. 
ρ is reflectance; L is the canopy background adjustment factor, C1 and C2 are aerosol resistance 

weights. The coefficients are L=1; C1=6 and C2=7.5 
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Figure 3-6: Map 
showing 

vegetation 
abundance from 
the MOD13Q1 

Enhanced 
Vegetation Index 
(250 m 
resolution). The 
range of values 
for the EVI is -1 to 
1, where values 
above 0.2 are 
indicative of 

increasing 
vegetation 

biomass (see 
APPENDIX I for 
more details of 
spatial patterns). 
The blue circle 
shows the region 
of interest using in 
the analysis 
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3.2.2 Landscape phenology characterisation 

Landscape phenological parameters (Figure 3-7; Table 3-2) that represent the distinct 

stages of vegetation development or changes in photosynthetic activity are extracted 

using time series analysis of remotely sensed satellite data depicting vegetation 

reflectance (vegetation index) across a vegetation growing season (Morisette et al., 

2009; Reed, Schwartz and Xiao, 2009; Hanes, Liang and Morisette, 2014; Eklundh and 

Jönsson, 2015, 2016). Time series reconstructs the vegetation seasonal growth course 

from noisy satellite signals due to atmospheric conditions (e.g. cloud cover), artifacts 

of data resampling, geometric misregistration, anisotropic reflectance effects and 

electronic errors (Cai et al., 2017).  

 Data source 3.2.2.1

The MODIS EVI MOD13Q1 product is designed to provide consistent spatial and 

temporal data related to the condition of vegetation (Huete et al., 2011) and was the 

choice of data for this study. MOD13Q1 product has a very high temporal resolution of 

daily image acquisition that is then averaged across 16 days. Moreover, MOD13Q1 is 

suitable for application in urban environments because it minimises canopy 

background variations and maintains sensitivity over dense vegetation (Huete et al., 

2011). MOD13Q1 has been used to successfully characterise spatial patterns of 

phenology in cities (e.g. Buyantuyev and Wu, 2012).  

A three year time period (2013, 2014 & 2015) was chosen to minimise the effects of 

rapid changes in the built environment and vegetation cover on vegetation phenology, 

and achieve accurate estimates of the effects of urbanisation on landscape phenology.  

 Time series analysis 3.2.2.2

In this study, time series analysis and extraction of seasonal (Figure 3-7; Table 3-2) was 

performed in TIMESAT 3.2 program (Jonsson and Eklundh, 2004; Eklundh and Jönsson, 

2015).  TIMESAT has a choice of three methods that utilise least-squares fits to the 

upper envelope. An appropriate method needs to be chosen by testing the different 

methods with different settings in the graphical interface of the software. These 

methods include: Savitzky-Golay filtering; assymetric Gaussians; Double logistic 

functions which will often give similar results for comparatively smooth time series 

(Jonsson and Eklundh, 2004; Eklundh and Jönsson, 2015).  The adaptive Savitsky-Golay 
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algorithm which uses local polynomial fitting functions was chosen for this study 

because of its simplicity and ability to preserve features (i.e. maximum, minimum and 

width) of the dataset (Yao et al., 2017). Savitsky-Golay filtering uses a least squares fit 

to a quadratic polynomial, thus reducing the noise in the data associated with cloud 

cover (Han and Xu, 2013). A polynomial function is fitted to each data point in a 

window and for this study we used a moving window width of 2 (69 days).  

Equation 3-2 where “t” is the time position and “c1”, “c2”, “c3” are determined by weighted least-
squares fitting, and the degree of smoothing is controlled by the width of the window (Eklundh and 
Jönsson, 2016). 

 

TIMESAT extracts data only for the n–1 centre-most seasons for n expected seasons in 

a time series (Eklundh and Jönsson, 2015). However, Eklundh and Jönsson (2015) 

noted that the seasonal parameters from a single year can be retrieved by duplicating 

the time-series from the same year twice to make an artificial time-series spanning 

three years. Therefore, in this study, artificial time-series were created for the 

candidate years (i.e. 2013, 2014 and 2015). 

 Extraction of seasonal parameters 3.2.2.3

In TIMESAT, the two approaches for determining the start and end of the season are 

the threshold and amplitude method (Eklundh and Jönsson, 2015, 2016). In the 

threshold method, start and end of season are the dates that the fitted curve rises and 

falls to the set threshold whereas, start and end of season in the amplitude method 

are the dates that the fitted curve rises and falls to the proportion of amplitude (i.e. 

the range in EVI in a given year). For choice of method to determine the start and end 

of season, the amplitude method was chosen because it is better suited than the 

threshold method for computing phenology metrics in urban settings where 

vegetation cover is lower than the surrounding rural areas. Lower vegetation cover in 

urban areas in comparison to rural areas makes it hard to find a threshold for 

determining dates for start and end of season (Zhou et al., 2016; Yao et al., 2017). In 

this study, the start and end of the vegetation growing season were, therefore, the 

time the fitted EVI curve increased and progressively declined 40% of the seasonal 

amplitude (Jonsson and Eklundh, 2004; Eklundh and Jönsson, 2015).  
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Figure 3-7: algorithm theoretic basis of for performing time series analysis and extracting seasonality 
parameters in TIMESAT (Source: Eklundh and Jönsson, 2015, 2016). The blue line depicts the actual 
vegetation index data value for a give pixel at different points in time, whereas the red line shows the 
fitted vegetation index data. A summary of each phenology parameter (represented by letters “a”-“i” 
of the alphabet) is presented in Table 3-2 

Table 3-2: shows the definition of phenology metrics in land surface phenology (Source: Eklundh and 
Jönsson, 2015, 2016) 

Figure 

3-7 code 
Seasonality parameter generated in TIMESAT 

(a)  
Start of Season: Timing (Day of year) of the start of the growing season and 
precedes increment in photosynthetic activity 

(b)  
End of Season: 
 Timing (Day of year) of end of the growing season following a decline in 
photosynthetic activity 

(c)  
Season length: 
Duration of the growing season (difference between the start and the end 
of the vegetation growing season) 

(d)  
Base value: 
The average of the right and the left value 

(e)  
Mid/Peak of season: 
Timing (Day of year) of peak photosynthetic activity/primary production 

(f)  
Maximum value: 
Maximum vegetation index value for the fitted function during the season 

(g)  

Amplitude: 
The change in photosynthetic activity across the growing season and 
represents the strength of the seasonality (intra-annual variability of 
primary production) 
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(h)  
Small integrated value: 
The area below the base level from the start to the end of the season 

(h+i)  
Large integrated value: 
The area under the smoothed curve between the start and the end of the 
season 

 

Table 3-3: Summary table of settings applied in TIMESAT 3.2 for smoothing the image time series and 
extraction of the seasonal parameters 

Short description Input and explanation 

Use of quality data. MOD13Q1 images have 
quality flags that assess the reliability of each 
pixel in each (i.e. classification of cloud cover or 
other image quality indicators). This forms the 
basis for assigning weights to the actual as 
measure of uncertainty in the actual EVI data. 

Yes; Effect of cloud significantly 
reduced 

Quality range 1 and weight (Lower and upper 
values for quality class 1 and assigned weight) 

From 0.1 to 0.9; weights 0.1 

Quality range 2 and weight (Lower and upper 
values for quality class 2 and assigned weight) 

From 1 to 2.9; weights 0.5 

Lower and upper values for quality class 3 and 
assigned weight 

From 3 to 4.1; weights 1 

Amplitude cut-off value All data was processed in the 
series 

Use land cover (1/0) – optional No land cover data was used 

Spike method Spike method was based on 
median filtering 

Spike value. A low value will remove more 
spikes 

3; this high value implies that 
fewer spikes were removed 

Seasonality parameter Time series were fit for two 
seasons each year (we extracted 
data for the second season only) 

No. of envelope interations 1,2,3 Only one iteration was set 

Adaptation strength (1-10) 0 (very low); Strength of the 
envelope adaptation. 10 is the 
maximum strength 

Force to minimum and value of minimum after 
fitting 

No value were forced to a 
minimum 

Fitting methods Savitzky-Golay fitting method 
was used 

Weight update method Weight update method was not 
in use 

Window for Savitzky-Golay.  Half window for 
Savitzky-Golay filtering with high values 
resulting in  high degree of smoothing 
 

3; This value implied a 
conservative smoothing 
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Season start method Amplitude method 

Season start / end values. The values must fall 
between 0 and 1 

0.4 (40%) 

 

3.2.3 Land surface temperature 

Land surface temperature data was derived from the MODIS MOD11A2 product for 

the years 2013, 2014 and 2015 to quantify the effect of variation in urban climate 

(temperature) on phenology. The MOD11A2 is an 8-day composite image of LST data 

collected by the MODIS sensor, enabling computation of seasonal differences across 

space and time. Moreover, the MOD11A2 has been observed to provide adequate 

estimates of maximum air temperature in tropical urban environments (Ayanlade, 

2016). Due to the noisy satellite signals that is associated with atmospheric conditions 

(e.g. cloud cover), artefacts of data resampling, geometric mis-registration, anisotropic 

reflectance effects and electronic errors, time series was performed to reconstruct 

temporal patterns of temperature across the study area (Cai et al., 2017). 

A Savitzky-Golay smoothing filter was fit to the LST time series data in TIMESAT for day 

and night time LST for each year separately (i.e. artificial time series spanning three 

years).  MODIS quality assessment data was included to denoise the time series and 

improve the LST signal. Maximum land surface temperature was derived as the peak 

temperature of the fitted LST curve and this value derived for both day and night time 

temperature, for each year following Han and Xu (2013). The average of the day and 

night maximum LST was computed to represent maximum LST across each given year 

as a proxy of high temperature that might affect vegetation phenology (Hatfield and 

Prueger, 2015; Gray and Brady, 2016). 

3.3 Phenological processes of individual tree species 
This section describes the methods for linking phenology of individual tree to 

microscale climate (see 2.1.2.1). Urban form and function are critical for understanding 

the relationship between microscale climate effects and phenology of trees (see 

section 2.1.1) and an ideal approach for urban form characterisation will concede that 

urban features have a combined effect on climate within a given space (see section 

2.1.2.3). 



 

91 
 

3.3.1 Select tree species 

Deciduous trees are more sensitive than evergreen species to differences in local 

environmental settings (Williams et al., 1997) and were chosen as the focus of this 

study in anticipation that they would respond strongly to local urban climate 

variability. Drawing on information from the Kampala Capital City Authority about the 

most abundant trees within Kampala CBD (the most built up part of the), Tabebuia 

rosea and Jacaranda mimosifolia were identified as the most abundant deciduous 

species. Therefore, this study was based on the leaf canopy phenology of Jacaranda 

mimosifolia and Tabebuia rosea (Table 3-4). More details about the two species are 

covered in APPENDIX III. 

Table 3-4 showing the characteristics of Tabebuia rosea and Jacaranda mimosifolia 

Species General characteristics 

Jacaranda 

mimosifolia 

(D. Don)  

-Deciduous trees species of the family Bignoniaceae native to the neo-

tropics (Argentina & Brazil) but has been widely elsewhere in other 

tropical countries (Uganda, South Africa, Australia) 

- The trees grow up to 20 m in height with spreading branches making 

a light crown with considerable leaf fall (data source: World 

Agroforestry) 

-The species has previously been observed to show shortened leaf 

flush after the rains and high leaf fall with transition from the wet to 

dry season (Huxley and Vaneck, 1974) 

-The species is characteristically known as a bio-indicator for air 

pollution (Olowoyo, van Heerden and Fischer, 2010; Barroso et al., 

2018) 

Tabebuia 

rosea 

(Bertol.) 

DC. 

-Deciduous trees species of the family Bignoniaceae native to the neo-

tropics (Mexico, Venezuela & Ecuador) but extensively grown 

elsewhere in the tropics (e.g Uganda, Sri Lanka) 

- Trees grow up to 25 m with considerable flush and shoot growth 

during the early in the rain season (data source: World Agroforestry). 

- Leaf fall has been observed to be pronounced during the dry season 

favoured by high temperature and drought (Figueroa and Fournier, 
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3.3.2 Phenology sampling sites 

A systematic survey was carried out across Kampala with the aid of the LCZ map in 
order to select sites with the select candidate tree species in neighbourhoods of 
varying urban form. Nine sites were selected that contained Tabebuia rosea and 
Jacaranda mimosifolia for leaf canopy phenology observations to be undertaken. An 
additional thirteen sites (totalling to twenty two sites) were selected for data 
collection to be used in the analysis of the spatiotemporal patterns of local climate.  
The selected sites exemplified the variety of urban surface structural differences 
across Kampala (Figure 3-8) and a detailed summary of the land cover characteristics 
of each site is presented in  

Table 3-6. All sites were located within an 80 m altitudinal range to minimize the 

influence of elevation on urban climate (Jochner et al., 2012). The nine phenology sites 

contained between 2 to 8 individuals of any one of the candidate tree species (Table 

3-5) and all trees were located within less than 100 m of each other. 

Table 3-5: Showing the number of trees at each phenology site.  

Phenology sites One Two Three Four Five Six Seven Eight Nine 

Location code 

(all 22 sites) 1 2 13 6 8 7 16 22B 23B 

Jacaranda 5 2 6 5 6 5 5 8 6 

Tabebuia 4 5 0 5 0 3 0 0 7 

 

Differences in tree size and age were minimized by selecting trees with a similar height 

and trunk size (i.e. diameter at breast height) as summarised in APPENDIX III. None of 

the trees was actively managed during the course of the study (March to September 

2017).

1996) 

-It has been shown to significantly reduce air temperature in 

comparison to other species in Penang, Malaysia because of its high 

Leaf Area Index (Tukiran, Ariffin and Ghani, 2016) 

-The species has been shown to be tolerant to acid rain (Ceron et al., 

2009) 
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Figure 3-8 showing 
surface cover differences 
of sites used for 
microscale climate and 
phenology processes. 
Locations 1, 2, 6, 7, 8, 13, 
16, 22B, 23B were used 
for phenology (see 
3.4.2.2). NDVI (30 m) was 
scaled to show the extent 
of differences in 
vegetation cover and 
impervious surfaces. 
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3.3.3 Characterisation of surface cover and structure at each site 

The classification of surface structure and cover of a given area of interest provides 

data on the extent of urbanisation for attribution of urban form to local climate 

(Mimet et al 2009; Stewart and Oke, 2012; Jochner et al 2013; Seress et al 2014). In 

this study, classification of surface cover and structure for attribution to local climate 

was achieved using Object Based Image Analysis. 

Pixel based analysis draws on the spectral signature of pixels for image classification 

(Blaschke, 2010; Blaschke et al., 2014). In coarse and moderate resolution images 

where features of interest are the same size (or smaller than) as the pixel, pixel-based 

approaches are well adept for identifying unique features of interest in the landscape 

as a whole. However, pixel-based analysis would be unsuitable in instances where the 

features of interest are larger than the pixel as is the case with very high-resolution 

imagery (Blaschke, 2010; Blaschke et al., 2014). For example, a large water body would 

be represented by multiple small water bodies the size of a pixel and the ‘salt and 

pepper’ effect depicting misclassified pixels using pixel based classification. This is 

because pixel-based image analysis uses the spectral signal of individual pixels and 

does not consider spatial-autocorrelation in the classification workflow (Blaschke, 

2010; Blaschke et al., 2014). Object-Based Image Analysis overcomes the limitations 

associated with pixel-based methods by accounting for spatial autocorrelation and the 

creation of regions (objects) of homogeneity in one or more dimensions of feature 

space. Moreover, the OBIA, approach generates additional spectral information in 

comparison to single-pixel classification (e.g. mean, median, minimum, maximum, 

values per band, etc.) and the spatial information of the objects used in the image 

classification (Blaschke et al., 2014). 

A WorldView3 satellite image (spatial resolution of 0.5 m) taken on 25/10/2016 was 

used for classifying buildings, paved surfaces, tree cover and pervious surfaces (i.e. soil 

and low vegetation) using object based image analysis (OBIA) in eCognition Developer 

(Version 9) using the work flow summarised in Figure 3-9. A fully automated 

classification was hard to achieve due to the high heterogeneity within the selected 

sites. Therefore, a semi-automated approach was adopted that involved both 

automatic and manual classification to achieve accurate classifications of urban 
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features. Classification was undertaken within a region of 200 m at each of phenology 

and urban climate sites, because 200 m represents the unit of space for attribution of 

local land cover to local climate (i.e. meteorological station) (Stewart and Oke, 2012).  

 

Figure 3-9: Workflow of Worldview images classification using OBIA 

3.3.4 Phenology data collection 

As with other studies that have focussed on the spatial variability of vegetation 

development within a city in a given season (e.g. Gazal et al., 2008; Jochner, Alves-

Eigenheer, et al., 2013), this study focussed only on the dry season. Whereas previous 

studies on phenology of trees in tropical cities focussed on the timing (date) of 

budding, this study was based on the canopy development. Therefore multiple 

observations were made across wet and dry season (March to September) of 2017.  

Visual observations are a standardised technique that is widely used for monitoring 

vegetation phenology (e.g. Williams et al., 1997; Condit et al., 2000; Morellato et al., 

2010; Valdez-Hernandez et al., 2010; de Camargo et al., 2018) and was the choice of 

approach in this study. In addition to identification of the timing of phenological 

events, visual observations enable quantification of the intensity of particular 

phenophases for derivation of metrics like magnitude (Morellato et al., 2010; Denny et 

al., 2014). Visual observations outperform other direct observation techniques like use 

of litterfall traps (Morellato et al., 2010), and visual observations are commonly used 

for validating indirect sensor-based measures of phenology (e.g. Chuine, Cambon and 

Comtois, 2000; Fisher, Mustard and Vadeboncoeur, 2006; Zhang, Friedl and Schaaf, 
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2006; Maignan et al., 2008; Reed, Schwartz and Xiao, 2009; Liang, Schwartz and Fei, 

2011; Donnelly and Yu, 2017; Lim et al., 2018). 

To accurately characterise the phenology of a given population of tree species, 

Morellato et al., (2010) recommended a minimum of 1 observation every two weeks 

for a sample of fifteen trees. Therefore, each tree was observed four times every 

fortnight by a single observer using binoculars in a two-step process. In step 1, a score 

of 0 to 4 was used to depict the relative level of leaf presence (0 = absence of leaves, 1 

= 1-25 %, 2 = 26-50 %, 3 = 51-75 % and 4 = 76 – 100 %). In step 2, a sub-score of 1, 2 or 

3 was assigned to refine the canopy score (e.g. 3_1, 3_2 or 3_3). Either a 1 or 3 was 

appended if the percentage estimates in the first score was distinguishable as being 

within the upper half or lower half of the associated range. Otherwise a 2 (median) 

was appended if the estimate was indistinct. For example, a tree with a 3 in the first 

step would be assigned either 3_1 or 3_3 to distinguish between 51% and 75%, 

otherwise a 3_2 would be assigned if the estimate was indistinct. The final categorical 

scores were finally converted to their indicative percentage values (e.g. Williams et al., 

1997; Morellato et al., 2010; Valdez-Hernandez et al., 2010). 

3.3.5 Urban climate characterisation 

Data logging for spatiotemporal characterisation of urban climate was consistently 

undertaken from March to September 2017. This period marks the rainfall season from 

March to May and the dry season that follows (June to September). Representations of 

these seasonal transitions have been provided in APPENDIX IV and APPENDIX V. 

 Air temperature and relative humidity 3.3.5.1

Air temperature and relative humidity data were recorded every 30 minutes at all 

twenty-two sites using iButtons (DS1923) (Figure 3-10 a). The DS1923 iButton 

Hygrochron logger (MaximIntegrated, 2016) was set to collect temperature (accuracy 

better than ± 0.5°C) and humidity data (accuracy better than 5 %) at resolutions of 

0.5°C for temperature and 0.64% for humidity. The loggers are individually calibrated 

in a NIST (National Institute of Standards and Technology)-Traceable chamber 

(MaximIntegrated, 2010) and are designed to record data in a protected memory 

section of the device, making it a self-sufficient system. The logger is made out of 
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durable stainless-steel and hydrophobic material that can withstand environmental 

hazards such as dirt, dust, contaminants, moisture and mechanical shock. 

HOBO sensors (model HOBO U23-001 Pro v2, Onset Corporation) (Figure 3-10 b) that 

are costlier but with higher accuracies than i-buttons for both temperature (± 0.21°C) 

and relative humidity (2.5 %) were added to the phenology sites to assess the quality 

and stability of the i-button recordings. The HOBO sensors were factory calibrated 

according to NIST standards and a calibration certificate acquired for one of the 

sensors as a reference. 

The sensors were housed in radiation shields 3 m above the ground (Figure 3-10 c). 

Although 1-2 m (i.e. screen height) is the recommended height for siting 

meteorological stations for canopy UHI studies (Stewart and Oke, 2012), the loggers in 

this study were placed at heights of 3 m to minimise vandalism. 

 

Figure 3-10: (a) An i-button (model DS1923) and HOBO (U23-001) displayed side by side; (b) Radiation 
shield (L: 15 cm*W:  15 cm* H: 15 cm) used to house the sensors (c) Sensor housed in a radiation 
shield at one of the sites 
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 Soil moisture 3.3.5.2

Volumetric soil moisture content (VMC) was collected at each phenology site to 

characterise the temporal change in precipitation (water availability) that is known to 

influence UDI (see 2.1.5), tropical UHI (see 2.1.4.2) and canopy phenology (see 2.2.3.1). 

The VMC was collected biweekly, coincident with recording of phenology data. VMC 

recordings were taken for the top most soil layer (8 cm of top soil) at the same location 

within 3 meters from each tree trunk using a portable ThetaProbe (model ML3 

ThetaProbe, Delta-T Devices). 

3.4 Data Processing and Analysis 
The data emanating from the direct field monitoring  (i.e. urban climate and 

phenology) was in tabular format, necessitating converting all relevant auxiliary data 

sets (i.e. urban structure) into matching matching formats and creation of a ‘tidy data’ 

before any meaningful analysis could be undertaken. Tidy data are data matrices 

arranged in a way that each variable is a column, and each observation is a row 

(Wickham, 2015). Data processing in this study was undertaken in excel and R 

software.  

3.4.1 Local scale climate and phenological processes 

 Selection of candidate local climate zones 3.4.1.1

It was anticipated that there might be a higher level of uncertainty on the 

representativeness of the LCZs that covered small areas (fewer pixels) than those that 

covered a substantially large area of the study site due to the differences in area 

covered by the LCZs. Therefore, the top four local climate zone types in terms of 

surface area and that had contrasting physical characteristics were selected for the 

analysis (Figure 3-11 & Figure 3-12). An area within 20 km of the city centre covering 

the Kampala greater metropolitan area and neighbouring rural area was selected as 

the region of interest for this study and the candidate LCZ classes covered roughly 87% 

of this area (Figure 3-5). 
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Figure 3-11: Characteristics of the candidate LCZ classes used in this study (Adapted from: Stewart and 
Oke, 2012) 
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Figure 3-12 showing aerial 
imagery acquired from 
Google Earth representing 
the candidate LCZ classes 
used in the analysis. A 
yellow line stretching 1 km 
has been added as a 
reference for the scale 



 

101 
 

Vegetation/surface cover data for each of the candidate LCZ classes classified from the 

MODIS13Q was the basis for verifying that the four candidate local climate zones were 

inherently and statistically different before any analysis could be done. This was 

achieved by performing, Kruskal-Wallis H-test and paired post-hoc tests (Figure 3-13). 

 

Figure 3-13 showing box plots depicting the denoting the extent and significance of differences in 
vegetation cover (EVI) across all LCZ types and between pairs of LCZs 

 Selection of unit for analysis 3.4.1.2

The MODIS13Q1 pixel was selected as the unit of analysis (i.e. observation/row) 

(Figure 3-14). The MODIS13Q1 was the smallest spatial unit of primary data enabling 

consistent comparisons to be made across different data types. Each MODIS13Q1 pixel 

was assigned relevant attributes (i.e variable/column) for the phenology parameters 

(i.e. start, end and length of season) and the maximum day and night-time LST for each 

year.  

To account for the effect of diminishing urban climate with declining development 

along the urban rural gradient (McDonnell and Pickett, 1990), the linear distance of 

each individual pixel from the CBD (compact mid-rise; Figure 3-5) was calculated using 

the proximity function in Arc-GIS (10.4). The distributions of data linked to surface 
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temperature and phenology across the local climate zones and urban-rural distance 

gradient is presented under APPENDIX I. 

  

Figure 3-14: shows a summary of data attributes for each MODIS EVI pixel as a unit of the analysis 

3.4.2 Micro scale climate and phenological processes  

 Urban characterisation 3.4.2.1

Due to the heterogeneous nature of the sites (i.e. uneven land cover composition), the 

feasibility of attributing local climate to land cover in an area of radius=200 m was 

compared to a smaller area of radius 100 m within which land cover was more 

homogenous.  

The sites were grouped into three groups highlighting urbanisation intensity (i.e. high, 

medium and low) on the basis of similarity in land cover composition, using 

hierarchical cluster analysis for the 100 m and 200 m land cover data separately. 

Analysis of similarity (ANOSIM) (Clarke, 1993) was used to statistically test whether 

there was significant difference in urban climate between the groups for both the 100 

m and 200 m separately. An anosim R statistic of R=0.556 (p=0.001) for the 100 m data 

set was higher than R=0.321 (p=0.005) for the 200 m dataset, indicating stronger 

differences in urban climate between groups for the 100 m dataset. Therefore 

subsequent analysis on the influence of land cover on urban climate and phenology 

was based on land cover within a radius of 100 m (Table 3-6). APPENDIX II contains 

imagery showing the surface cover and structural differences across all sites. 
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Table 3-6: Surface cover and structural characteristics (percentage of impervious surfaces, paved 
surfaces, buildings, trees and pervious surfaces) of the twenty two urban climate stations. The 
locations are grouped row-rise with relation to proportion of man-made impervious surfaces. 
Phenology sites are indicated in bold and underlined. 

Urban 

intensity 

groups 

Location 

number 

(code) 

Impervious 

surfaces (%) 

Paved surfaces 

(%) Buildings (%) Trees (%) 

Pervious 

(%) 

H
IG

H
 

05 84 49 35 5 11 

12 81 21 60 6 13 

04 80 35 44 9 11 

03 79 36 44 9 12 

11 69 37 32 11 21 

14 65 32 33 13 21 

M
ED

IU
M

 

13 59 39 21 11 30 

10 59 39 21 21 19 

01 51 32 20 37 12 

09 49 17 32 24 26 

02 48 39 9 30 22 

17 44 22 22 28 28 

18 37 14 23 20 43 

16 33 13 20 31 35 

08 33 16 17 18 49 

LO
W

 

07 23 5 19 35 42 

06 19 10 9 15 65 

19 19 11 8 31 50 

23 9 8 1 43 48 

22 5 4 2 50 45 

22B 0 0 0 60 40 

23B 0 0 0 44 56 

 

 Classification of phenology sites 3.4.2.2

To create a 3-level categorical data set depicting urbanisation intensity for comparison 

among sites, hierarchical cluster analysis of the land cover data for the phenology sites 

only was performed in R software (3.4.3) to group sites into 3 classes (Table 3-7). The 

three classes included: lightly built, moderately built and heavily built). Each level of 

urbanisation intensity (see APPENDIX II) thus served as a population and the trees per 
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species within a given level of urbanisation intensity represented the sample of a given 

category of urbanisation intensity (i.e. population).  

Table 3-7: Characteristics of the nine phenology sites, their associated urban form (percentage cover 
of pervious surfaces, paved surfaces and buildings) and number of individual trees (per species) 
sampled at each phenology site. The last row indicates the urbanisation intensity category assigned to 
each phenology site 

Phenology site 
code One Two Three Four Five Six Seven Eight Nine 

Location code (all 
22 sites) 01 02 13 06 08 07 16 22B 23B 

Proportion of 
man-made 
impervious 
features 51% 48% 59% 19% 33% 23% 33% 0% 0% 

Urbanisation 
intensity category  Heavily built Moderately built  Lightly built  

 

 Phenology data processing 3.4.2.3

Time-series profiles of canopy cover were acquired for each tree using LOESS 

smoothing algorithm (see APPENDIX IV) to de-noise the data and enhance the temporal 

pattern of canopy cover change (Jacoby, 2000). Temporal interpolation of the time 

series was undertaken in R software 3.5.  

Two measures of leaf phenological traits were determined from each time series to 

quantify canopy cover changes across the dry season (i.e. DOY 150 to 250).  The area 

under the curve between the first and last phenological observation was computed to 

represent total percentage tree canopy cover, whereas the difference between the 

maximum and minimum percentage tree canopy cover across the observation period 

represented net leaf loss (Figure 3-15).  
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Figure 3-15: Conceptual diagram showing tree canopy change across time and traits of canopy cover 
change (total percentage canopy cover and net leaf loss) that were extracted from the time series as 
indicators of leaf production and leaf loss 

 Spatioemporal patterns of urban climate 3.4.2.4

The daily average of nighttime temperature (sunset 18:00 to sunrise 06:00) and daily 

relative humidity were calculated at each phenology site (see APPENDIX V). 

Additionally, volumetric soil moisture content data were temporally interpolated using 

locally weighted regression (loess) model to derive a daily time series of mean soil 

moisture (see APPENDIX V) at each phenology site. Temporal change in surface 

moisture across the entire study site was acquired by temporally interpolating the data 

from all sites to determine the end of the rain season and start of the dry season (see 

APPENDIX V). 

3.4.3 Analysis 

Regression analyses (i.e. mixed modelling, multivariate and univariate regression) and 

Information-Theoretic analysis were the main data analysis performed in this study. 

Therefore, cautious exploration of the data before analysis was undertaken to avoid 

violating the underlying assumptions of regression analyses that could cause Type I 

and Type II errors (Zuur, Ieno and Elphick, 2010; Zuur and Ieno, 2016). Graphics were 

crucial for data exploration because they can be applied to any data set, unlike 

normality and homogeneity tests that have a limited scope of application (Zuur, Ieno 

and Elphick, 2010 and references therein). Data quality checks undertaken in 

accordance with Zuur et al., (2010) included: outlier detection; homogeneity of 

variance; normality of the data; collinearity; relationships between dependent and 
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independent variables; accounting for interactions; and dependence structures of 

response variables. Outliers were detected using box plots and queried in the main 

data to verify if they were actual values or error. Errors were subsequently eliminated 

from the dataset and data transformations implemented accordingly. Residuals were 

plotted against fitted values for checks on the homogeneity of variance and histograms 

used to check for normality of the data. Collinearity was assessed in models that had 

more than one variable by calculating the Variance Inflation Factors (VIF) and dropping 

variables accordingly where the VIF values were substantially large. Scatter plots of 

dependent and independent variables were used to examine the relatedness of 

dependent and independent variables and for evaluating the need for accounting for 

interactions. The appropriate mixed models (Baayen, 2008) were used where response 

variables showed dependence and imbalanced data structures. 

The models used in this study are covered in detail under chapters 4, 5 and 6 with the 

appropriate steps undertaken for conducting regression analyses and presentation of 

results undertaken. These steps include justification of the models; presentation of the 

model output as graphs and tables (Zuur and Ieno, 2016). 
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 EVIDENCE OF URBAN HEAT ISLAND CHAPTER 4.

IMPACTS ON LANDSCAPE PHENOLOGY IN A TROPICAL 

CITY 

4.1 Abstract 
Knowledge about the effects of urban areas and the urban heat island intensity on 

vegetation phenology is vital for understanding the spatial patterns of vegetation 

ecosystem functions and vegetation phenological responses to the elevated 

temperature associated with climate change. To date, there is a general lack of 

knowledge and understanding about how the urban heat island (UHI) influences 

landscape phenological processes in the tropics despite there being sufficient evidence 

of these relationships in temperate cities. This study, therefore, aimed to examine 

vegetation phenological responses to urban form and distance from the city centre 

and the associated surface temperature differences in the tropical city of Kampala, 

Uganda. Estimates of vegetation growing season length and land surface temperature 

were derived from MODIS satellite imagery for the vegetation growing seasons of 

2013, 2014 and 2015, and urban form was characterised using the Local Climate Zone 

(LCZ) classification (Stewart and Oke, 2012). This study showed that the length of the 

vegetation growing season increased with increasing distance along the urban-rural 

gradient (p<0.001) and was also longest in the least built-up LCZ class (p<0.001). 

Growing Season length significantly reduced with an increase in land surface 

temperature (p<0.001). These findings contrast with the traditional knowledge of 

phenological patterns in temperate cities, longer vegetation growing seasons are 

associated with higher temperatures and heavily built-up urban form types, suggesting 

that the UHI effect is a limiting factor to the length of the vegetation growing season in 

tropical cities. 



 

108 
 

4.2 Introduction 
The phenomenon in which urban areas experience significantly higher temperatures 

than the less urbanised rural surrounding commonly termed the Urban Heat Island 

(UHI) results from differences in the cycling of energy and material between urban and 

rural areas (Landsberg, 1981; Voogt and Oke, 2003; Heisler and Brazel, 2010; 

Kleerekoper, Van Esch and Salcedo, 2012; Roth, 2012). The higher proportion of 

impervious surfaces and buildings at the expense of vegetated and pervious surfaces in 

urban areas promote heat capture and storage (Landsberg, 1981; Oke, 1987); 

minimises natural radiative cooling through evapotranspiration (Taha, 1997; Dimoudi 

and Nikolopoulou, 2003; Feyisa, Dons and Meilby, 2014) and impede water storage 

and capture (Barnes, Morgan and Roberge, 2001; Whitford, Ennos and Handley, 2001). 

Vegetation in urban environments lessens the UHI intensity through thermal 

regulation via evapotranspiration (Cavan et al., 2014; Feyisa, Dons and Meilby, 2014; 

Norton et al., 2015; Lee, Mayer and Chen, 2016) and provision of shade (Li, Ratti and 

Seiferling, 2018). In the tropics where climate change is expected to exacerbate the 

effects of high all-year-round temperatures, vegetation has the potential to buffer the 

urban populace and minimise the risk of exposure (Cilliers et al., 2013; Lindley et al., 

2018). 

UHI intensities are influenced by regional climate, the magnitude of seasonal changes 

in vegetation cover and the size and nature of urban morphology determined by 

differences in urban planning practices (Roth, 2007; Giridharan and Emmanuel, 2018). 

The tropics vary in terms of temperature and precipitation with five main tropical 

climate types according to the Köppen climate classification (Roth, 2007; Giridharan 

and Emmanuel, 2018). Equally tropical cities have inherent differences in city 

morphology (Cavan et al., 2014; Antos et al., 2016; Taubenböck, Kraff and Wurm, 

2018). As of 2007, one-fifth of the UHI research focussed on tropical cities (Roth, 2007) 

and although the past decade has seen a significant increase in tropical urban climate 

research (Giridharan and Emmanuel, 2018), more exemplar UHI research is needed 

that depicts the differences in urban morphology and tropical climate types (Roth, 

2007; Giridharan and Emmanuel, 2018). Furthermore, although there has been much 

research on the usefulness of vegetation on UHI mitigation in tropical cities, equivalent 
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understanding of the impacts of urbanisation and the associated UHI effect on 

vegetation phenology is very minimal in tropical cities (Jochner and Menzel, 2015). 

Vegetation phenology is defined as the study of the seasonal timing of the different 

stages of plant growth (e.g. leaf, flower and fruit development), their magnitude and 

drivers (Fenner, 1998). The UHI induces early starts of the vegetation growing season 

in urban areas of temperate regions (Neil and Wu, 2006; Jochner and Menzel, 2015) 

due to the higher sensitivity of springtime vegetation development to temperature 

(and photoperiod) after wintertime dormancy (Menzel et al., 2006; Zhang, Friedl and 

Schaaf, 2006). Although extensive research on urban phenological processes has been 

undertaken in temperate regions, equivalent understanding of the UHI effect on 

phenology in the tropics is limited (Jochner and Menzel, 2015) and emerges from two 

studies that have compared the UHI effect on the start of tree budding for select tree 

species between tropical and temperate cities (Gazal et al., 2008; Jochner, Alves-

Eigenheer, et al., 2013). The effect of the UHI intensity was observed to exert a 

stronger influence in temperate than tropical cities (Gazal et al., 2008; Jochner, Alves-

Eigenheer, et al., 2013) because UHI intensities are stronger in temperate than 

temperate cities (Roth, 2007).  

Weak UHI intensities in the wet season (Roth, 2007; Giridharan and Emmanuel, 2018) 

season might have weak impacts on vegetation as it undergoes leaf flush during the 

wet season (Williams et al., 1997; Clinton et al., 2014; de Camargo et al., 2018) as 

compared to much stronger UHI intensities in the dry season (Roth, 2007; Giridharan 

and Emmanuel, 2018). Stronger UHI intensities would result in stronger evaporation 

demand (Zipper et al., 2017) and less soil moisture availability for vegetation use 

further intensifying the occurrence of leaf fall that occurs during the dry season with 

the increase of temperature (Williams et al., 1997; Condit et al., 2000; Dalmolin et al., 

2015; de Camargo et al., 2018). However, present knowledge on tropical urban 

phenological processes (e.g. Gazal et al., 2008; Susanne Jochner et al., 2013) has 

focused on timing of start of leaf budding alone and overlooked the other phenological 

parameters such as end, duration, magnitude and intensity that represent later stages 

of vegetation development (Fenner, 1998; Denny et al., 2014) and differ from start of 

season events (Guan et al., 2014). 
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Phenology of individual species is inherently different from the combined phenological 

response of vegetation at the landscape scale (Badeck et al., 2004; Jochner and 

Menzel, 2015), commonly known as landscape phenology (Liang and Schwartz, 2009; 

Morisette et al., 2009). Landscape phenology provides an aggregate measure of the 

timing of start, end and duration of vegetation activity, covering a wide range of plant 

functional types and species (Liang and Schwartz, 2009; Morisette et al., 2009). A 

comprehensive assessment of phenological processes at both species and landscape-

scale are required to fully understand the effects of urbanisation and the UHI effect 

(Jochner and Menzel, 2015).  

In temperate cities experiencing cool climates, heavily built-up urban areas experience 

extended vegetation growing seasons due to the UHI effect (White et al., 2002; Zhang, 

Friedl, Schaaf, Strahler, et al., 2004; Han and Xu, 2013; Dallimer et al., 2016; Zhou et 

al., 2016; Zipper et al., 2016; Melaas et al., 2016; Gervais, Buyantuev and Gao, 2017; Li 

et al., 2017; Qiu, Song and Li, 2017; Yao et al., 2017; Parece and Campbell, 2018; Ren 

et al., 2018). The duration of the vegetation growing season has been observed to 

decline along the urban-rural gradient (Zhang, Friedl, Schaaf, Strahler, et al., 2004; 

Zhou et al., 2016) depicting the mesoscale UHI effect resulting from the presence of a 

city (Oke, 2008; Roth, 2012). Also, the duration of the vegetation growing season has 

been observed to be highly localised with relation to land cover composition (Melaas 

et al., 2016; Zipper et al., 2016; Parece and Campbell, 2018) depicting the local UHI 

effect (Oke, 2008; Roth, 2012). Equivalent understanding of landscape phenological 

processes in the context of tropical cities is lacking. The transferability and assumption 

of landscape phenological processes observed in temperate studies to tropical cities is 

limited due to the inherent differences in urban and regional climate between tropical 

and temperate regions (Roth, 2007; Giridharan and Emmanuel, 2018). 

This study aims to examine the effect of the urban heat island effect on vegetation 

phenology in the tropical city of Kampala, Uganda. Therefore, the objectives of the 

study were to: (i) determine the influence of local climate climate depicted as urban 

form and distance from the city centre respectively on phenology (ii) determine the 

combined influence of the urban form and distance from the city centre on LST and 

how it varies between years; (iii) to assess the effect of elevated LST on phenology.  
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4.3 Materials and methods 

4.3.1 Study area 

The study focussed on Kampala the capital city of Uganda, located at 

00°18′49″N 32°34′52″E (Figure 4-3) that has a population density of ~8700 

inhabitants/km2. The city’s southern and northern limits are located approximately 25 

km and 45 km respectively north of the equator (< 0.5°north of the equator). Kampala 

has a tropical rainforest (equatorial) climate (Af) (Köppen climate classification), 

characterised by two annual wet seasons (March-May & September-November). The 

most torrential rains per month are in the shorter rainy season (March to May) and 

July is the driest month.  

 

Figure 4-1: Monthly maximum and minimum air temperature across the study site in the 2013, 2015 
and 2015 (Source: WorldWeatherOnline, 2019) 

Also, June and July are the cooler months of the year whereas February experiences 

the warmest temperature throughout the entire year (see 3.1.2 and Figure 3-1). The 

years 2013, 2014 & 2015 that were used in this study varied in weather depicted by 

differences in air temperature (Figure 4-1) specifically maximum air temperature. 
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4.3.2 Data 

The data sources used in this study were derived from satellite imagery, and data 

processing steps are summarised in Figure 4-2 and described in detail under the 

respective sections. 

 

Figure 4-2 shows the workflow of the data processing steps and analysis used in this study 

 Urban form  4.3.2.1

We used the Local Climate Zone (LCZ) classification scheme (Stewart and Oke, 2012) to 

characterise urban form across the study site (Figure 4-3).  
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Figure 4-3: An LCZ map of Kampala showing the location of the study site and Region of Interest 
(within ~20 km of the city centre) that was the basis of the analysis. 

LCZs are a robust, objective and universally applicable approach for characterising 

urban form and function of cities (Stewart and Oke, 2012; Stewart, Oke and 

Krayenhoff, 2014). In addition to their use and validation in urban climatology 

(Stewart, Oke and Krayenhoff, 2014; Geletič, Lehnert and Dobrovolný, 2016; Kotharkar 

and Bagade, 2018; Mushore et al., 2019), LCZ usage has been extended to studying 

environmental processes related to the ecoclimatology of the LCZs (Perera and 

Emmanuel, 2018; Verdonck et al., 2018; Brousse et al., 2019; Franco et al., 2019) 

validating their wider significance of application in urban ecology. The LCZ scheme 

contains seventeen classes, each representing unique surface cover and structural 

properties of the urban fabric, with provision for users to combine and create new 

classes, for zones that have characteristics that do not fall within the existing LCZ 

framework. An LCZ map was generated for the study site (Figure 4-3) using the World 

Urban Database and Access Portal Tools (WUDAPT) protocol for generating Level 0 

data (Bechtel et al., 2015, 2019). The method uses supervised machine learning to 
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generate a city-wide LCZ map from multispectral Landsat8 imagery in a 3-step process 

that involves: (i) acquisition and preprocessing of cloud-free images, (ii) creation of 

training areas in google earth and (iii) implementation of the classification in SAGA-GIS 

(Conrad et al., 2015). 

Two LANDSAT8 OLI-TIRS scenes obtained for the 27/02/2015 (dry) and 15/03/2015 

(wet) season were selected to account for the spectral changes occurring from 

seasonal changes in vegetation cover. The images were radiometrically calibrated to 

Top of the Atmosphere reflectance and resampled from 30 to 100 m to obtain a 

spectral signal of urban structures at a local-scale representative of local-scale climate 

(Cai et al., 2018). Training areas were selected using high spatial resolution imagery 

available within Google Earth. Subclass 3_F (Compact low rise_Bare soil) was included 

in the selection of LCZ-classes to highlight this type of urban form in Kampala that is 

absent in the standard set of LCZ classes (Stewart and Oke, 2012). The LCZ 

classification was implemented using Random Forest classifier in SAGA-GIS using the 

preprocessed LANDSAT8 images and training areas as inputs. Accuracy of the resulting 

LCZs was done by visual examination and reselection and reclassification of the image 

undertaken iteratively to improve the representativeness of the LCZ output. Four LCZ 

classes that covered a large proportion of the study area and that had different 

physical features (i.e. impervious surfaces and vegetation cover) were selected for the 

analysis. To derive more representative estimates of LST and the associated 

phenological response linked to different types of urban form, LCZs covering large 

areas were selected for subsequent analysis (Table 4-1 & Figure 4-4). 

Table 4-1 shows the area covered by the selected LCZ types. In total this represented approximately 
87% of the study area  

LCZ category Number of EVI pixels ~Area (Km
2
) 

LCZ B. Scattered trees 13664 854 

LCZ 9. Sparsely built 4439 277 

LCZ 6. Open Low rise 2186 136.7 

LCZ 3_F. Compact low rise_ Bares soil 2144 134 
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Figure 4-4: Characteristics of the candidate LCZ classes used in this study (Adapted from Stewart and 
Oke, 2012) 

Remote sensing is useful for depicting spatial and temporal patterns of vegetation 

abundance in urban settings using Vegetation Indices (e.g. Weng, Lu and Schubring, 

2004; Yuan and Bauer, 2007; Huete et al., 2011; Senanayake, Welivitiya and Nadeeka, 

2013). Vegetation Indices are proxy measures for “canopy greenness” connoting the 

combined properties of leaf chlorophyll, leaf area, canopy cover and structure (Huete 

et al., 2011). In this study, estimates of vegetation abundance across 2013 derived 

from Enhanced Vegetation Index of MODIS satellite imagery (MODIS13Q1 EVI) were 

used to determine contrasts in surface cover across the candidate LCZs (Table 4-1) by 

performing a Kruskal-Wallis H-test and paired post-hoc tests. The MODIS13QI EVI 

images are 16-day composites with a spatial resolution of 250 m and are suited for 

urban environments because they minimise canopy background variations and 

maintain sensitivity over dense vegetation (Huete et al., 2011). The images were 

acquired from the Oak Ridge National Laboratory (ORNL), Distributed Active Archive 

Centre (DAAC), of the National Aeronautics and Space Agency along with quality 

assessment images. 
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where ρ is reflectance; L is the canopy background adjustment factor, C1 and C2 are 

aerosol resistance weights. The coefficients are L=1; C1=6 and C2=7.5 

 Vegetation Phenology 4.3.2.2

This study was based on time series analysis of EVI images for the years 2013-2015 in 

TIMESAT 3.2 software. Accurate estimates of phenological responses necessitate 

phenological and climate data spanning multiple years to control for interannual 

variability of climate. This study focused on three years only to minimise the 

phenological response to rapid urbanisation, which is estimated to occur at a rate of 

5% annually (Vermeiren et al., 2012; Bidandi and Williams, 2017). The software was 

used to fit MODIS-EVI time series using an adaptive Savitsky-Golay algorithm which 

uses local polynomial fitting functions. The influence of clouds on the time-series was 

minimised by assigning low weights to data points with low quality using the MODIS 

pixel quality information (MOD13Q1 quality images). Phenology parameters (SOS, EOS 

and GSL) were extracted from the smoothed time series using the amplitude method 

(Jonsson and Eklundh, 2004; Eklundh and Jönsson, 2015). The amplitude method is 

better suited than the threshold method in urban settings because of low vegetation 

cover is making it hard to find a threshold for determining dates for start and end of 

season (Zhou et al., 2016; Yao et al., 2017). 

 Land surface temperature 4.3.2.3

To examine the effect of urban induced surface temperature on phenology, we derived 

land surface temperature data (LST) from the MODIS MOD11A2 product for the years 

2013, 2014 and 2015. MODIS (Figure 4-2). Spatial patterns of high temperatures 

capable of affecting phenology across an entire season can be obtained from 

MOD11A2 due to the high temporal resolution of 8 days, and this product has been 

observed to provide adequate estimates of maximum air temperature in tropical 

urban environments (Ayanlade, 2016). Therefore, the peak temperature of a time 

series of MOD11A2 images fit in TIMESAT 3.2 software using the Savitzky-Golay fitting 

procedure was obtained to represent maximum temperature across the study site. 

MODIS quality images were included in the fitting procedure to de-noise the data and 

minimise the effects of could. Urban form type (LCZ class), EVI (i.e. vegetation cover), 
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LST and distance from the city centre were assigned to each MODIS13Q1 EVI pixel as 

the unit (data point) of the analysis (Figure 4-5). 

 

Figure 4-5 shows a summary of data attributes for each MODIS EVI pixel as a unit of the analysis 

4.3.3 Data analysis 

Linear mixed models were used to analyse the effect of urban form and distance from 

the city centre on SOS, EOS, GSL and LST. Therefore we fitted a model for each 

response variable into which we included local climate zone class and distance from 

the city centre as explanatory variables. Year was included as a fixed effect to control 

for differences across years in the phenology models.  Interactions between year and 

urban form and between year and distance from the city centre were included in the 

LST model to account for varying effects of urban form and distance from the urban 

core among years on LST. Location was included as a random effect to allow for 

correlated error terms caused by repeated observations on the same pixel for each 

year. Therefore, each data point represented a given pixel location and its associated 

phenological and surface temperature attributes in a given year.  The modelling was 

done using the “lmer” function of the “lme4” package in R (Bates et al., 2015; R Core 

Team, 2018).  

The significance of the final full model was tested against a null model comprising the 

intercept only using a likelihood ratio test. The significance of each explanatory 

variable was obtained by performing a likelihood ratio test comparing the full model 

with respective reduced models using the R function “drop1”. Collinearity was 
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assessed by computing variance inflation factors using standard linear models that 

excluded random effects and interaction terms and no issues were found (Zuur, Ieno 

and Elphick, 2010). Normality and independence of the residuals were confirmed by 

inspecting qqplots and plots of residuals against fitted values.  

To assess the influence of LST spatial differences on the timing of the start, end and 

duration of the vegetation growing season, a linear mixed model was fit with LST 

spatial difference and mean LST in a year as predictors and year as a random effect. 

This way, we were able to control for the effect of LST varying across years, while 

examining the influence of LST spatial differences. Within-subject centring (de Pol and 

Wright, 2009) allows for separation of spatial differences in LST and LST differences 

across years and their effect on GSL. Model diagnostics (significance of final full model 

and normality of residuals) were performed as described in the previous section. 

4.4 Results 

4.4.1 Surface and structural differences between urban form (LCZ) types  

There were significant differences in vegetation abundance (i.e. mean EVI) among the 

LCZs and between all LCZ pairs (Figure 4-6). EVI (vegetation cover) decreased along a 

gradient of urbanisation intensity from the most to least built up LCZ type (i.e. 

Scattered trees > Sparsely Built > Open low rise > Compact low rise) (Figure 4-6).  

 

Figure 4-6 showing box plots depicting the denoting the extent and significance of differences in 
vegetation cover (EVI) across all LCZ types and between pairs of LCZs 
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4.4.2 Phenology 

The predictors (i.e. LCZ, Distance and Year) had a well-defined influence on SOS 

(likelihood ratio test: X2=1097, df=6, p<0.001), EOS (likelihood ratio test: X2=7963, 

df=6, p<0.001) and GSL (likelihood ratio test: X2=284.2, df=11, p<0.001). Specifically, 

LCZ type had a significant influence on SOS, EOS, and GSL (Table 4-2). LCZB (least built-

up LCZ category) experienced the earliest SOS (Figure 4-7a) and the latest EOS (Figure 

4-7c) in comparison to other built-up LCZs (Figure 4-7). As such, LCZB showed longer 

seasons than LCZNine (estimate=-3.3, standard error=0.5, p<0.001; Figure 4-7e), LCZSix 

(estimate=-8.6, standard error=0.7, p<0.001; Figure 4-7) and LCZ3_F (estimate=-13.2, 

standard error=0.7, p<0.001; Figure 4-7). Distance from the city centre significantly 

influenced Length of the season (Table 4-2) such that a 20 km increase in distance from 

the city increased the length of the growing season by more than two days (Figure 

4-7). Although LCZ showed a significant influence on the timing of start and end 

season, distance from the city centre showed a negligible influence on the start and 

end of the growing (Table 4-2). Nonetheless, effect plots of distance from the city 

centre on SOS and EOS (Figure 4-7) show a general tendency towards later SOS and 

earlier EOS closer to the city centre than the distant rural areas. 

Table 4-2 showing mixed model assessing the effect of urban form (LCZ) and distance from the city 
centre on Phenology 

  
 

Year LCZ Distance 

SO
S 

 

F value 507.3 17 1.2 

 

NumDF 2 3 1 

 

DenDF 41,768 21,487 21,607 

 

Pr(> F) 0.0001 0.0001 0.27 

EO
S 

 

F value 4,128 55.6 1.2 

 

NumDF 2 3 1 

 

DenDF 41,883 21,416 21,539 

 

Pr(> F) 0.0001 0.0001 0.28 

G
SL

 

 

F value 4,226 119 6.3 

 

NumDF 2 3 1 

 

DenDF 41,776 21,400 21,522 

 

Pr(> F) 0.0001 0.0001 0.012 
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4.4.3 Land surface temperature 

Urban form, distance from the city centre and year significantly influenced LST 

(likelihood ratio test: X2=37944, df=14, p<0.001). Although, LST showed pronounced 

differences consistently across all years in the same ascending order from the least 

built to most built-up LCZ category (i.e. Scattered trees < Sparsely Built < Open low rise 

< Compact low rise; Figure 4-7g), these LST differences among LCZ significantly varied 

among years (interaction between Year and LCZ: F6, 43739 = 6.7, P < 0.001). 

LST declined with increased distance from the city centre across all years (Figure 4-7h), 

but the magnitude of change significantly varied across years (interaction between 

Year and squared distance: F2, 43819 = 1247.7, P < 0.001). The magnitude of LST 

differences between the urban and rural areas was higher in 2013 than 2014 and 2015 

(Figure 4-7h). All years showed the comparably high temperature of ~28⁰C around the 

city centre, but rural areas in 2014 and 2015 experienced LST that was 2⁰C more than 

in 2013 (Figure 4-7h). 

4.4.4 Relationship between LST and Phenology 

The combined effect of spatial differences in LST representing the UHI effect and 

differences in LST across years had a significant effect on SOS (likelihood ratio test: 

X2=21.5, df=2, p<0.001), EOS (likelihood ratio test: X2=104.4, df=2, p<0.001), and GSL 

(comparison of full with null model: X2=31.5, df=2, p<0.001).  

There was a significant positive relationship between spatial differences in LST 

representing the UHI and SOS such that increase in LST resulted in later SOS 

(estimate=-0.5, standard error=0.1, p< 0.0001). However, was no effect of LST across 

years on SOS (estimate=-4, standard error=5, p=0.46).  

EOS showed a negative relationship and statistically significant relationship with spatial 

differences in LST depicting the UHI effect (estimate=-1, standard error=0.1, p<0.0001) 

and LST differences across years (estimate=-24, standard error=2.3, p=0.002). In both 

cases, higher LST was associated with earlier ends of seasons.  

There was a significant negative relationship between LST spatial differences depicting 

the UHI effect and spatial patterns of GSL such that increased temperature resulted in 

shorter seasons (estimate=-0.5, standard error=0.08, p< 0.0001). However, LST 
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differences among years were not significantly related to spatial patterns in growing 

season length (estimate=-20, standard error=7.2, p=0.07). 
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Figure 4-7: Effect plots showing the influence of urban form and distance from the city centre on Start (a & b), End (c & d) and Length (e & f) of season and day (g 
& h). LCZ classification: B-Scattered trees; Nine-sparsely Built, Six-Open lowrise; Three_F-Compact low rise_Bare soil 
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4.5 Discussion 
Our results show that landscape phenological processes in the context of tropical 

urban areas are influenced by the Surface UHI intensity, such that higher Surface UHI 

intensities result in late SOS, early EOS and shorter GSL.  LST which was used to 

characterise the Surface UHI in Kampala declined from the most to least built-up urban 

form types and along the urban-rural gradient (i.e. Compact low rise > Open low rise > 

Sparsely built > Scattered trees). The start of the season was observed to differ 

significantly across LCZ types with the least built (and highly vegetated) urban form 

type, LCZB (scattered trees) accounting for earlier SOS than heavily built-up urban form 

types. End of season occurred later in the lightly built LCZ types than heavily built-up 

LCZ types (i.e. Compact low rise < Open low rise < Sparsely built < Scattered trees). The 

GSL increased from the most to least built (and most vegetated) urban form type (i.e. 

Compact low rise < Open low rise < Sparsely built < Scattered trees). The distance 

gradient from the city to rural areas showed shorter GSL and higher LST in urban than 

rural areas. Moreover, LST differences along the distance gradient were observed to 

differ across years. 

The select urban form types (LCZ classes) used in this study had contrasting surface 

characteristics, in terms of vegetation abundance and impervious surface as 

highlighted by differences in EVI. The LST differences across different LCZ classes 

highlight the influence of vegetation cover and impervious surfaces which is consistent 

with studies that have observed similar patterns in LST with relation to urbanisation 

intensity (Senanayake, Welivitiya and Nadeeka, 2013; Fonseka et al., 2019; Mushore et 

al., 2019). High latent heat flux through evapotranspiration associated with vegetated 

surfaces results in cooler temperatures in highly vegetated areas in comparison to 

areas of low vegetation cover (Roth, 2007; Cavan et al., 2014; Giridharan and 

Emmanuel, 2018). Conversely, areas of high impervious surface are and building 

density is associated with higher thermal admittance, high heat storage and slow rates 

of cooling and resulting in high UHI intensities (Landsberg, 1981; Oke, 1987). However, 

LST differences along the urban-rural gradient differed across years. Specifically, LST 

differences across years occurred most strongly in the distant rural areas whereas the 

city centre recorded consistently high temperatures across all years.  
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The differences in annual weather conditions account for Inter-annual differences in 

spatial patterns of LST. The years 2013-2015 varied in terms of air temperature with 

2014 and 2015 recording substantially higher air temperature than 2013 (Figure 4-1) as 

a result of the 2014 drought and 2015 el Niño (Bastos et al., 2018; Zhang et al., 2019). 

The year 2013 exhibited weather conditions depicting a typical year according to long-

term climate records of Kampala (comparison between  Figure 4-1 and Figure 3-1) with 

specific regard to maximum air temperature. Locations within and close to the city 

centre where vegetation cover is generally low and temperature is high did not exhibit 

substantial differences in LST between years, whereas rural areas in 2014 and 2015 

experienced higher temperatures in 2013. This might suggest that the temperature 

associated with the regional climate anomaly was lower than the temperature 

associated with a great proportion of impervious surfaces and buildings within cities. 

However, the temperature associated with the regional climate anomaly was higher 

than the temperature in rural areas in 2013. 

Although soil moisture was not accounted for in this study, the years 2014 and 2015 in 

comparison to 2013, might have experienced significant reduction in soil water 

resources because of the high evapotranspiration associated with high temperatures 

(Zipper et al., 2017). This, in turn, resulted in shorter vegetation growing seasons and 

low vegetation cover in 2014 and 2015 in comparison to 2013. As with high LST across 

years limiting the length of vegetation growing seasons, high LST associated with 

heavily built-up urban form resulted in shorter vegetation growing seasons. In addition 

to low water availability resulting from high evaporation due to high temperature in 

heavily built-up areas, impede soil water capture and storage (Whitford, Ennos and 

Handley, 2001) might further limit water availability leading to shorter vegetation 

growing season. Moreover, vegetation management practice as through watering 

might explain the observation on early SOS in the most built-up urban form types 

(LCZ3_F; compact low rise) given the tendency for vegetation in heavily built up areas 

to have shorter growing seasons. On the other hand, longer growing seasons were 

observed in highly vegetated locations which agree with the findings of Guan et al., 

(2014) natural tropical environments. Highly vegetated areas are often pervious and in 

this way could enable higher water capture and storage for plant use than heavily built 



 

125 
 

locations. Equally, highly vegetated areas have lower temperature and less water 

would be lost through evaporative demand resulting in higher water availability for 

vegetation use.  

Our findings on the effect of urban form and distance from the city centre and the UHI 

intensity contrast with established phenological patterns in temperate cities (White et 

al., 2002; Zhang, Friedl, Schaaf, Strahler, et al., 2004; Han and Xu, 2013; Dallimer et al., 

2016; Zhou et al., 2016; Zipper et al., 2016; Melaas et al., 2016; Gervais, Buyantuev 

and Gao, 2017; Li et al., 2017; Qiu, Song and Li, 2017; Yao et al., 2017; Parece and 

Campbell, 2018; Ren et al., 2018), where heavily built-up areas show earlier SOS, later 

EOS and longer GSL.  

4.6 Conclusion 
In this study, we showed that GSL declines with an increase in temperature associated 

with the UHI effect. In tropical climates where water availability is so often considered 

the main driver of phenological activity, we provide important new evidence about the 

role temperature plays as a limiting factor to growing seasons length in the context of 

urban environments. The effect of low vegetation linked with shorter vegetation 

growing season might feedback into the local climate resulting in higher temperatures 

in areas that experience shorter growing season. As to whether shorter growing 

seasons resulting from elevated temperature were a consequence of low water 

availability through increased evapotranspiration was not covered under the scope of 

this study but is represented in chapter 5 of the thesis. Therefore, future studies on the 

influence of the UHI on phenology in tropical cities ought to account for the spatial and 

temporal variability of soil moisture.  

This study demonstrates the usefulness of the LCZ scheme in the growing field of 

urban phenology and urban ecology. The evaluation of EVI at each LCZ level (a proxy 

for vegetation cover) was useful for understanding the intrinsic attributes of the LCZs 

and how they might be associated with local climate and phenology. This additional 

step of quantifying surface cover vis-à-vis vegetation abundance highlights the 

importance of using vegetation indices in order to corroborate our understanding of 
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the ecoclimatological characteristics of LCZs. This is particularly important in remote 

sensing studies that focus on the 2-dimensional feature space in cities.  

The findings of this study are useful for understanding the impacts of different land-

use decisions on vegetation seasonality and resulting impacts on vegetation ecosystem 

functions like climate regulation vegetation provision services. With this, policy 

changes aimed at improving urban ecosystem functions can be reached more so in 

developing cities that are rapidly urbanising and experiencing high de-vegetation, yet 

little information exists on the consequences of ongoing urbanisation practices. 

Moreover, urban planning policies for the management of green spaces and urban 

agriculture in cities would benefit from knowledge about the patterns and dynamics of 

vegetation seasonality. 
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 SPATIOTEMPORAL DYNAMICS OF URBAN CHAPTER 5.

CLIMATE DURING THE WET-DRY SEASON TRANSITION 

IN A TROPICAL AFRICAN CITY 

5.1 Abstract 
In the tropics, soil moisture drives the onset of vegetation activity and plays a 

significant role in the partitioning of energy in urban environments, such that the 

intensity of the urban-rural temperature differences is weaker in the wet than the dry 

season. However, an understanding as to how the influence of land cover composition 

varies between the wet and the dry season is very limited because of differences in 

urban morphology and tropical climate types among cities. Furthermore, the wet-dry 

season dichotomy overlooks the continuum of gradual temporal change in soil 

moisture and the resulting outcome for intra-urban climatic differences. Here 

investigate the spatiotemporal dynamics of urban climate during the wet-dry season 

transition in the tropical African city of Kampala, Uganda by: (1) examining spatial 

differences in urban climate (air temperature and relative humidity) with relation to 

daily changes in soil moisture; (2) and determining the variations in the influence of 

land cover composition on urban climate between the wet and dry season. We 

gathered soil moisture, air temperature and relative humidity from 22 locations that 

typify the wide range of surface and structural cover differences in Kampala (0% to 

84% human-made impervious surfaces) across 50 days marking the transition from the 

wet to dry season in 2017. Our findings showed significant differences in the rate of 

increase in nighttime temperature during the dry-down period (F1,22 =23.61, 

p<0.0001), with the most built-up locations showing the fastest rates of increase in 

nighttime temperature and less built-up locations the lowest. Similarly, rate of decline 

in relative humidity during the dry-down period strongly varied among locations with 

the most built-up locations undergoing a more rapid decline in relative humidity than 

densely vegetated and pervious areas (F1,22=16.48, p=0.0005). However, the wet 

period preceding dry-down was marked by insignificant differences among locations in 
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the gradual decline and increase of nighttime temperature (F1,22 =1.85, p=0.190) and 

relative humidity (F1,22 =1.501, p=0.235) respectively. Landcover (i.e. paved surfaces, 

buildings and pervious surfaces) influenced spatial differences in nighttime 

temperature during both seasons, with paved surfaces accounting for 62.1% and 

61.5% of the temperature differences during the wet and dry season respectively. 

Although tree cover was observed to have no significant effect on night time 

temperature during the wet season, during the dry season tree cover and pervious 

surfaces had a combined effect accounting for 61.7% of the night time temperature 

differences. The combined effect of the proportion of trees and pervious surfaces 

accounted for 77.6% of the differences in relative humidity during the wet season and 

80.2% during the dry season. These findings are significant for understanding the 

effect of Urban Heat Island Intensity (UHI) on evapotranspirative demand and plant-

water requirements within urban areas. 

5.2 Introduction 
Urbanisation alters the cycling of materials and energy in the atmosphere and near-

surface through the replacement of natural vegetation and pervious land cover with 

buildings and impervious surface layers and intensified human activity such as heavy 

traffic (Grimm et al., 2008; McCarthy, Best and Betts, 2010; Pataki et al., 2011; Pickett 

et al., 2011; Wu, 2014). Paved surfaces impede the uptake of water (Barnes, Morgan 

and Roberge, 2001; Whitford, Ennos and Handley, 2001) whereas artificial surfaces 

(e.g. concrete, asphalt and metal) and compactness of cities (i.e. high building density, 

tall buildings, narrow streets) promote the transformation of short wave radiation into 

heat and its retention (Landsberg, 1981; Oke, 1987). In contrast, highly pervious and 

vegetated areas within cities and neighbouring rural areas, have higher fluxes of latent 

heat than sensible heat through evapotranspiration (Taha, 1997; Dimoudi and 

Nikolopoulou, 2003; Weng, Lu and Schubring, 2004; Pataki et al., 2011; Kleerekoper, 

Van Esch and Salcedo, 2012; Cavan et al., 2014; Feyisa, Dons and Meilby, 2014; Duarte 

et al., 2015; Lindley et al., 2015). As a result, cities experience a distinct climate from 

their neighbouring rural surroundings which includes an elevated temperature in what 

is commonly known as the urban heat island effect (Landsberg, 1981; Voogt and Oke, 

2003; Heisler and Brazel, 2010; Kleerekoper, Van Esch and Salcedo, 2012). The urban 
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heat island effect increases evapotranspirative demand and water requirements in 

urban areas (Zipper et al., 2017) which might in turn affect canopy cover and the 

provision of regulatory functions of vegetation.  

Urban climates differ from regional climate as a result of urbanisation. To date, there 

are fewer empirical studies and less knowledge about the urban climate in tropical 

than temperate cities. Although the UHI phenomena and the urban climate theory 

apply virtually to all cities, differences in baseline regional climates imply that the vast 

body of literature and theory about urban climate in temperate cities may not be 

transferable to tropical cities. For example, UHI intensities have been observed to be 

weaker in tropical than temperate cities due to differences in surface energy balance 

and anthropogenic heat release (Roth, 2007). Consequently, there is a need for further 

research on the urban climates of the tropics that exemplify the wide range of tropical 

urban climate types (Giridharan and Emmanuel, 2018). Moreover, tropical developing 

cities represent ~90% of the forecasted global growth in urban size and population 

(Schneider, Friedl and Potere, 2010) and are expected to be most affected by the 

impacts of climate change  (Heisler and Brazel, 2010; Pauleit et al., 2015). 

Although the last decade has seen a rise in the number of tropical urban climate 

studies (Giridharan and Emmanuel, 2018), a significant proportion of these studies 

have emerged from Asia and far fewer studies are reported from Africa. African cities 

also represent a very small proportion (~1%) of studies on urban green space and 

densification (Haaland and van den Bosch, 2015). Rapid growth in urban populations of 

several countries in tropical Africa, and insubstantial coping strategies of urban 

planning structures to pressures and demand for infrastructural changes have led to 

polarised developments (Bidandi and Williams, 2017; Lindley et al., 2018). As such, 

many such cities in Africa are characterised by heterogeneous urban morphology 

consisting of extensive areas of informal developments and this complexity in urban 

morphology varies between cities (Cavan et al., 2014; Antos et al., 2016).  

In the context of tropical African cities, UHI intensities have been observed to be 

highest at night (Ojeh, Balogun and Okhimamhe, 2016) and to increase as a result of 

high building density (Cavan et al., 2014; Ayanlade, 2016; Mushore et al., 2019) and 
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development of informal settlements (Scott et al., 2017). In contrast, vegetation cover 

has been observed to decrease the intensity of the UHI effect (Cavan et al., 2014; 

Feyisa, Dons and Meilby, 2014; Ayanlade, 2016). Urban climate is increasingly being 

analysed with relation to land cover composition wholly as opposed to a single aspect 

of land cover such as vegetation in acknowledgement of the connectivity of urban 

features at a local scale (Stewart and Oke, 2012). Although some studies have done so 

in Africa (e.g. Cavan et al., 2014; Mushore et al., 2019), the differences in urban 

morphology between cities (Cavan et al., 2014; Antos et al., 2016; Taubenböck, Kraff 

and Wurm, 2018) necessitates further research  that exemplifies the wide variety of 

urban morphologies in African cities.  

Soil moisture partitions incoming solar and longwave radiation into outgoing longwave 

radiation, latent, sensible and ground heat flux (Lakshmi, Jackson and Zehrfuhs, 2003). 

Soil moisture considerably influences energy partitioning in cities alongside land cover 

such that the weaker season experiences weaker UHI intensities than the dry season 

(Roth, 2007; Giridharan and Emmanuel, 2018). Stronger UHI intensities have been 

observed in several tropical African cities (Balogun and Balogun, 2014; Ayanlade, 2016; 

Ojeh, Balogun and Okhimamhe, 2016), and tropical cities elsewhere in the world (Roth, 

2007; Giridharan and Emmanuel, 2018). However, there are no studies to date that 

have examined the seasonality of urban climate within African cities which have a 

tropical rainforest climate, where precipitation levels are often higher than other 

tropical climate types.  The wet and dry season transition is an important phase for leaf 

flush in trees (de Camargo et al., 2018).  Differences in how the UHI effect influences 

evapotranspirative demand, and the associated differences in plant water 

requirements (Zipper et al., 2017), as a consequence of the transition from wet to dry, 

may have a subsequent influence upon the extent of leaf flush and canopy 

establishment and thus climate regulation (Feyisa, Dons and Meilby, 2014). However, 

there is a lack of understanding to date of intra-urban differences in the wet-dry 

season transition. 

The UHI effect has dominated tropical urban climate research (Roth, 2007; Giridharan 

and Emmanuel, 2018) because of its relevance to human health (Heaviside, Macintyre 

and Vardoulakis, 2017).  Relative humidity which is an essential predictor of: 



 

131 
 

spatiotemporal dynamics of soil moisture (e.g. Archibald and Scholes, 2007; Roth, 

2007; Yang, Ren and Hou, 2017; Cai et al., 2019); and phenological processes (Do et al., 

2005; Archibald and Scholes, 2007; Jochner, Alves-Eigenheer, et al., 2013) remains 

overlooked in tropical urban climate ecology. 

In this paper, we aim to investigate the spatiotemporal dynamics of urban climate 

during the wet-dry season transition in the tropical city of Kampala, Uganda. Our main 

objectives are as follows: 

 To determine the relationship between spatial differences in urban climate (air 

temperature and relative humidity) and daily changes in soil moisture from the 

wet season through to dry down. 

 To determine the differences in the influence of land cover composition on 

urban climate between the wet and dry season 

5.3 Methods  

5.3.1 Study area 

The study was carried out in Kampala (located at 00°18′49″N 32°34′52″E), the capital 

city of Uganda (Figure 5-1), which has a population density of ~8700 inhabitants/Km2. 

Kampala has a tropical rainforest (equatorial) climate (Köppen climate classification) 

and experiences two rainy seasons per year, during March-May and September-

November. March-May is the shorter of the two rain season, although it experiences 

the most torrential rains (~169 mm) whereas July receives the least rainfall (~ 63 mm). 

In 2017, the dry season started in May and continued through September (Figure 5-2). 

This study focused on 50 days spanning the wet-dry transition (i.e. Julian day DOY: 100-

150). 
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Figure 5-1: Location (numbered) of the urban climate monitoring sites and volumetric soil moisture 
content (crossed) with relation to proportion of man-made features (and vegetation cover, as 
indicated by higher values of the NDVI (normalised difference vegetation index))  

 

 

Figure 5-2: Kampala’s climate between February and September 2017, depicting monthly rainfall and 
number of days with more than 1mm of rain 
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 Meteorological sites and data 5.3.1.1

Twenty two sites were selected across Kampala Figure 5-1 that represented the wide 

range in surface cover and structure (Table 5-1) that are known to influence local 

climate (Stewart and Oke, 2012) and in turn influence urban ecological processes 

(Grimm et al., 2008; McCarthy, Best and Betts, 2010; Pataki et al., 2011; Pickett et al., 

2011; Wu, 2014).  Air temperature and relative humidity data were acquired at each 

site using i-button sensors (model DS1923, Maxim Integrated) housed in a radiation 

shield positioned at the height of 3 m above the ground. The loggers were individually 

factory calibrated in a NIST (National Institute of Standards and Technology)-Traceable 

chamber (MaximIntegrated, 2010) before deployment in the field and assessed for 

drift during data collection. Each sensor collected temperature and relative humidity 

data at 30-minute intervals, and we calculated the daily average of nighttime 

temperature (sunset 18:00 to sunrise 06:00) and daily relative humidity at each 

location.  The daily standard deviation of nighttime temperature and relative humidity 

across all allude was computed to determine spatiotemporal variation. 

 Characterization of meteorological sites 5.3.1.2

The urban environment was characterized via an Object-Based image Analysis 

classification of a WorldView3 satellite image (spatial resolution of 0.5 m) taken on 

25/10/2016. Buildings, paved surface cover and pervious surfaces were classified and 

their proportion (percentage) at each site quantified within 200 m. Although a radius 

of 200 m for homogenous continuous urban form has been recommended as the zone 

of influence for local urban climate related to surface cover and surface structure 

(Stewart and Oke, 2012), the land cover around our candidate sites was 

heterogeneous. Therefore, the representativeness of an area of a 200 m radius for 

attributing local climate to land cover was compared to the effectiveness of a smaller 

area (radius of 100 m) with less land cover heterogeneity. 

Each site was assigned to one of three urban intensity groups (i.e. high, medium and 

low), on the basis of similarity in land cover composition, using hierarchical cluster 

analysis for the 100 m and 200 m land cover data separately. Analysis of similarity 

(ANOSIM) (Clarke, 1993) was used to statistically test whether urban climate 

significantly differed between the urban intensity groups for both the 100 m and 200 
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m separately The ANOSIM indicated that the 100 m data set showed more significant 

differences in urban climate between the intensity groupings than the commonly used 

200 m radius approach (R=0.556 (p=0.001) and n R=0.321 (p=0.005); respectively). 

Therefore subsequent analysis on the influence of landcover on urban climate and was 

based on land cover within a radius of 100 m of each meteorological site (Table 5-1). 

Table 5-1 showing the urban intensity groups and propotion of different land cover types (impervious 
surfaces, paved surfaces, buildings, trees and pervious surfaces) at each location. Location used for 
observation on volumetric soil moisture content are in bold and underlined 

Urban 

intensity 

groups 

Location 

number 

(code) 

Impervious 

surfaces (%) 

Paved surfaces 

(%) Buildings (%) Trees (%) 

Pervious 

(%) 

H
IG

H
 

05 84 49 35 5 11 

12 81 21 60 6 13 

04 80 35 44 9 11 

03 79 36 44 9 12 

11 69 37 32 11 21 

14 65 32 33 13 21 

M
ED

IU
M

 

13 59 39 21 11 30 

10 59 39 21 21 19 

01 51 32 20 37 12 

09 49 17 32 24 26 

02 48 39 9 30 22 

17 44 22 22 28 28 

18 37 14 23 20 43 

16 33 13 20 31 35 

08 33 16 17 18 49 

LO
W

 

07 23 5 19 35 42 

06 19 10 9 15 65 

19 19 11 8 31 50 

23 9 8 1 43 48 

22 5 4 2 50 45 

22B 0 0 0 60 40 

23B 0 0 0 44 56 
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 Data on soil moisture changes 5.3.1.3

To relate spatial differences in urban climate to daily changes in soil moisture from the 

wet period through to dry down, soil volumetric moisture content (VMC; Table 5-1) 

was measured in nine of the twenty-two sites. These nine sites represent a wide range 

of surface covers and structures within Kampala. Soil VMC (expressed as a percentage) 

was measured twice a week using a ThetaProbe (model ML3 ThetaProbe , Delta-T 

Devices), at five points at each site. The VMC data were temporally interpolated using 

locally weighted regression (loess) model to derive a daily time series of mean soil 

moisture across the entire study site and determine the end of the wet season and 

beginning of dry down (Figure 5-3). The day of year when VMC was greatest marked 

the end of the wet season and was used to demarcate the wet and dry seasons. Mean 

soil moisture from the nine sites across Kampala gradually increased and reached its 

peak at DOY~130 which was in the first week of May 2017. (Figure 5-2 & Figure 5-3). 

This period was marked as the end of the wet season and beginning of the dry down 

period.  

 

Figure 5-3: Temporal change in Volumetric moisture content that was used to demarcate the dry 
down period from the rainy season. Dry indicate the transition for the wet season show the transition 
time of the end of the rains and start of the dry down period (DOY=130) 

5.3.2  Data analysis 

 Temporal change in urban climate 5.3.2.1

Linear mixed models (Baayen, 2008) were used to determine the effect of urbanisation 

represented as the proportion of human-made features on rate of change of urban 

climate. The proportion of impervious surfaces (i.e. proportion of building and paved 

surfaces) and Julian day (DOY) and their interaction were used as fixed effects 
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(predictor variables), and a separate model generated for each of the two urban 

climate variables for the wet and the dry season separately. Therefore, each data point 

in each model represented the urban climatic data on a given day at a given location. 

As such, individual location was included as a random effect for correlated error terms 

caused by repeated measures taken at the same location. The significance of the full 

model was determined using a likelihood ratio test comparing the full model to a null 

model (lacking the temporal autocorrelation structure). Visual inspection of residuals 

plotted against fitted values revealed normally distributed and homogeneous 

residuals. For better interpretation of model coefficients, we centred DOY around zero. 

The modelling was done in R using the “nlme” package (Pinheiro et al., 2018; R Core 

Team, 2018). 

Additionally, linear regression was used to compare daily changes in spatial differences 

in urban climate between the wet and the dry season. The significance of time (DOY) 

for the daily standard deviation across all sites of nighttime temperature and relative 

humidity was analysed and compared between the wet and the dry season. To 

determine the relationship between soil moisture and spatial difference in urban 

climate, we used analysed the relationship between daily mean soil moisture and daily 

spatial differences in relative humidity and nighttime air temperature using linear 

regression. 

 Influence of land cover composition 5.3.2.2

The relative influence of land cover composition on nighttime temperature and 

relative humidity during the dry and wet season was assessed using an Information-

Theoretic approach (Burnham, Anderson and Huyvaert, 2011). Regression models 

were derived using combinations of indicators of land cover types (i.e. proportion of 

paved surfaces; pervious surface; buildings, tree cover) as predictors of relative 

humidity and night time temperature for the wet and dry season separately. 

Collinearity between predictor variables was assessed by calculating variance inflation 

factors (“vif” function of the R package car) for each model, with variables with VIF>3 

removed from the models. The explanatory effect of other variables not covered under 

the scope of this study was accounted for by including a null model in each set of 

models. Model selection was undertaken using the MuMIn package in R [R version 
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3.5.0 (Barton, 2018; R Core Team, 2018)] to identify models with the simplest structure 

that best predicted relative humidity and nighttime temperature.  Ranking of models 

was undertaken using the Akaike Information Criterion (AICc) corrected for small 

samples. The significance of predictor variables investigated under the scope of this 

study was considered to be weak if the null model (intercept only) had a ΔAICc =0. 

Models with ΔAIC <2 were considered as potentially suitable models. Variables that 

best predicted urban climate were identified from the relative importance values (RIV) 

derived from the sum of Akaike weights (Burnham and Anderson, 2003). 

5.4 Results 

5.4.1 Temporal change in urban climate with relation to proportion of 

man-made surface 

All locations experienced a decrease in nighttime temperature with the advancement 

of the wet season depicted by an increase in soil moisture whereas advancement of 

the dry season was associated with increases in nighttime temperature (Figure 5-3 and 

Figure 5-4 (c & d)). Whereas, the increase in soil moisture during the wet season was 

associated with increase in relative humidity, the decline in soil moisture during the 

dry down period was associated with a decline in relative humidity across all locations 

(Figure 5-3 and Figure 5-4 (a & b)). 

 Nighttime temperature 5.4.1.1

The proportion of man-made surfaces and time (DOY) significantly influenced night 

time temperature during both the wet (likelihood ratio test: p<0.0001) and dry season 

(likelihood ratio test: p<0.0001). The built-up locations recorded the highest levels of 

nighttime temperature whereas the least built-up locations recorded the lowest 

nighttime temperature at any one point in time during the dry and the wet season 

(Figure 5-4 (a) & (b)). Although temperature differences significantly increased among 

locations with the advancement of the dry season (interaction between DOY and built-

up area: P =0.03), the preceding period marking the wet season showed insignificant 

changes in the magnitude nighttime temperature differences among locations 

(interaction between DOY and built-up area: P = 0.45. The variation in the temporal 

change of spatial differences in nighttime temperature between the wet and the dry 

season was shown in the evolution of the standard deviation of night time temperate. 
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Spatial differences in nighttime temperature were relatively static during the wet 

season (significance of the effect of time: F1,22 =1.85, p=0.190), but significantly 

increased with dry down (F1,22 =23.61, p<0.0001; Figure 5-5 (a)). Spatial differences in 

nighttime temperature during the dry season had a strong positive relationship with 

mean soil moisture (R2=0.503; F1,22 =24.28, estimate ± SE: -0.023 ±0.005, t22=-4.972, 

p<0.0001; Figure 5-5(b)). 

 Relative humidity 5.4.1.2

Spatial differences in relative humidity were significantly influenced by the proportion 

of human-made surfaces and time during the wet (likelihood ratio test: p=0.0374) and 

the dry season (likelihood ratio test: p<0.0001). The most built-up locations 

consistently recorded the lowest relative humidity whereas the least built-up locations 

recorded the highest levels of relative humidity throughout the observation period 

(Figure 5-4 (c) & (d)). As with nighttime temperature, the advancement of the dry 

season showed significant increase in spatial differences in relative humidity 

(significance of the effect of time: F1,22 =16.48, p=0.0005; Figure 5-5(c)), whereas the 

day to day variation in relative humidity was insignificant during the wet season (F1,22 

=1.501, p=0.235). Spatial differences in relative humidity (i.e. standard deviation) had a 

significant negative relationship with mean soil moisture (R2=0.493; F1,22 =23.33, 

estimate ± SE: -0.074 ±0.015, t22=-4.83; p<0.0001; Figure 5-5(d)). 
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Figure 5-4: Spatiotemporal differences in night time air temperature and relative humidity with 
relation to proportion of man-made features 
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Figure 5-5: Spatiotemporal differences in temperature (a) and relative humidity (c) during the dry 
season. (b) Relationship between spatial differences in temperature and mean soil moisture. (c) 
Relationship between spatial differences in relative humidity and mean soil moisture  

5.4.2 Influence of land cover on urban climate 

 Temperature 5.4.2.1

Three candidate models (of the 16 models) explaining the variation in nighttime 

temperature during the wet season had a ΔAIC<2 (Table 5-2). The proportion of paved 

surfaces, impervious surface and buildings were in the three top models, but the 

Relative Importance Value (RIV) of paved surfaces was more than twice as high as all 

other variables. Paved surfaces significantly influenced night time temperature during 

the wet season (R2=0.621, F1,22 =33.77, p<0.0001). Specifically, nighttime temperature 

increased with increasing paved surface area (estimate ± SE: 0.034 ± 0.006, t22=5.811, 
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p=0.0001). Low temperature was also associated with high proportion of pervious 

surfaces (Table 5-2). 

There were four top models with ΔAICc < 2 predicting night time temperature spatial 

differences during the dry season (Table 5-2). All land cover types covered under the 

scope of this study were observed to influence spatial patterns of nighttime 

temperature, including the proportion of trees that was insignificant during the wet 

season. However paved surface had a high RIV that was almost double the next land 

cover variable (pervious surfaces; Table 5-3) indicating the strong importance of paved 

surfaces in both seasons. 

 Humidity 5.4.2.2

The proportion of trees, buildings, pervious surfaces and impervious surfaces featured 

in the top candidate models predicting relative humidity (ΔAIC<2). Proportions of 

pervious surfaces and trees had the highest RIV scores (Table 5-3) and significantly 

influenced spatial differences in relative humidity during both the wet (R2=0.776,  F2,22 

=35.67, p<0.0001) and dry (R2=0.8,  F2,22 =41.53, p<0.0001) seasons. Increase in relative 

humidity during the dry season was related with both high pervious surface area 

(estimate ± SE: 0.115 ± 0.025, t22=4.645, p=0.0002) and increases in tree cover 

(estimate ± SE: 0.057 ± 0.023, t22=2.390, p=0.028). Similarly, relative humidity during 

the dry season had a positive relationship with pervious surface area (estimate ± SE: 

0.130 ± 0.024, t22=5.332, p<0.0001) and tree cover (estimate ± SE: 0.052 ± 0.023, 

t22=2.203, p=0.041).  

Table 5-2: AICc statistics for models for relative humidity and nighttime temperature with relation to 
land cover for the wet and dry season. AICc = AIC corrected for small sample size, df = degrees of 
freedom, R

2
 = adjusted regression coefficient, p = p-value, ΔAICc = difference between the top model 

and given model AICc, wi = model weight. Only models with ΔAICc < 2 are shown. 

Period Urban climate 

Model 

variables AICc logLik df 

Adjusted 

R
2
 p delta weight 

Wet Temperature 

Paved 

surfaces 25.64 -9.11 3 

0.621 0.00001 

0 0.472 

Wet Temperature 

Buildings

, paved 

surfaces 26.21 -7.85 4 

0.645 0.00003 

0.568 0.355 
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Wet Temperature 

Pervious 

surfaces 27.64 

-

10.11 3 

0.583 0.00003 

2 0.173 

Wet Humidity 

Pervious 

surfaces, 

Trees 76.38 

-

32.94 4 

0.776 0.00000 

0 0.678 

Wet Humidity 

Buildings

, 

Paved 

surfaces 77.87 

-

33.68 4 

0.760 0.00000 

1.488 0.322 

Dry Temperature 

Paved 

surfaces 26.91 -9.75 3 

0.615 0.00002 

0 0.374 

Dry Temperature 

Buildings

, Paved 

surfaces 27.53 -8.51 4 

0.638 0.00004 

0.616 0.275 

Dry Temperature 

Pervious 

surfaces 28.13 

-

10.36 3 

0.592 0.00002 

1.214 0.204 

Dry Temperature 

Pervious 

surfaces, 

Trees 28.77 -9.13 4 

0.617 0.00006 

1.854 0.148 

Dry Humidity 

Pervious 

surfaces, 

Trees 75.61 

-

32.56 4 

0.802 0.00000 

0 0.724 

Dry Humidity 

Pervious 

surfaces 77.54 

-

35.06 3 

0.762 0.00000 

1.926 0.276 

 

Table 5-3: Relative importance values (RIV) of predictor variables for models relating land cover with 
temperature and relative humidity during both the wet and dry season 

Period Urban climate Paved surface Pervious surface Buildings Trees 

Wet Temperature 0.72 0.28 0.29 0.22 

Wet Humidity 0.26 0.74 0.33 0.53 

Dry Temperature 0.65 0.34 0.28 0.22 

Dry Humidity 0.13 0.87 0.23 0.55 
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5.5 Discussion 
This study demonstrated the synergistic effect of soil moisture and land cover 

composition on intra-urban climatic variability. The effect of land cover composition 

varied according to water availability such that gradual increases in soil moisture were 

matched by a gradual decline in relative differences in both nighttime temperature 

and relative humidity. On the other hand, diminishing soil moisture gradually 

intensified urban climatic differences among sites. The proportion of buildings, paved 

and pervious surfaces accounted for spatial differences in nighttime temperature 

during both seasons. Whereas trees had no significant effect on spatial differences in 

air temperature during the wet season, their influence was more pronounced during 

the dry season. The combined effect of proportion of trees and pervious surface 

accounted for 77.6% of the differences in relative humidity during the wet season and 

80.2% during the dry season in the dry season. Higher coefficient of determination for 

the relationship between land cover composition and urban climate were generally 

observed for relative humidity than nighttime air temperature.  

Spatial differences in urban climate with relation to proportion of human-made 

features were observed at all points in time. Heavily built-up areas consistently 

experienced the highest nighttime temperatures and lowest relative humidity, 

whereas the least built-up locations experienced the lowest temperatures and highest 

relative humidity at any given point in time. This finding is consistent with other 

studies that have shown that heavily built-up areas experience high temperature 

(Cavan et al., 2014; Feyisa, Dons and Meilby, 2014; Scott et al., 2017) and low relative 

humidity (Hass et al., 2016; Yang, Ren and Hou, 2017) in comparison to less built-up 

and highly vegetated locations. Materials such as concrete, asphalt and the 3-

dimensionality of buildings promote the transformation of short wave radiation into 

heat and its retention (Landsberg, 1981; Oke, 1987) whereas vegetation increases 

latent heat flux from greater evapotranspiration, resulting in less heat storage (Chow 

and Roth, 2006; Cavan et al., 2014; Feyisa, Dons and Meilby, 2014; Duarte et al., 2015). 

The novelty in the current study is the multitemporal assessment of intra-urban 

climatic differences. 
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The tendency towards weaker intra-urban climatic differences among sites as soil 

moisture increases (i.e. during the wet season) as compared to when soil moisture 

decreases allude to a higher UHI intensity in the dry than the wet season.  This finding 

is consistent with other studies in tropical urban environments (Chow and Roth, 2006; 

Balogun and Balogun, 2014; Ojeh, Balogun and Okhimamhe, 2016; Amorim and 

Dubreuil, 2017; Acero and Gonzalez-Asensio, 2018). The novelty in this study is that it 

establishes these seasonal climatic differences within the city (intra-urban). Here, we 

see an increasing tendency towards cooler conditions across all land covers with the 

advancement of the rainy season. Although heavily built-up urban areas are generally 

associated with high water loss through runoff (Whitford, Ennos and Handley, 2001), 

the declines in nighttime temperature regardless of proportion of man-made features 

suggest that increased soil moisture at all sites results in cooler temperatures through 

increased latent heat flux (Lakshmi, Jackson and Zehrfuhs, 2003; Weng, Lu and 

Schubring, 2004).  

Although soil moisture derived from the top-most soil layer was useful for depicting 

temporal changes in soil moisture across the entire study site, the high heterogeneity 

in soil type and depth of urban environments limited the use of this data for 

characterisation of spatiotemporal patterns of soil moisture. Nonetheless, the positive 

relationship between soil moisture and relative humidity  (e.g. Archibald and Scholes, 

2007; Cai et al., 2019) formed the basis for inferring spatiotemporal patterns of soil 

moisture from the relative humidity, such that the increase in relative humidity during 

the wet season across all sites highlighted increase in soil moisture. Moreover, highest 

levels of relative humidity in lightly built locations at any given point in time indicated 

high levels of water capture and storage and less evapotranspiration demand. 

Moreover the combined effect of proportion of paved surfaces and buildings (i.e. 

impervious surfaces) accounted for 77% of the differences in relative humidity during 

the rainy season, highlighting the significance of impervious surface in impeding 

rainwater capture and storage as previous studies have shown (e.g. Whitford, Ennos 

and Handley, 2001). We also note that paved surfaces and buildings accounted for 

64.5% of the differences in nighttime temperature during the wet season. It is 

conceivable from these differences that the effect of impervious surfaces, in general, 
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was much stronger on relative humidity than night-time temperature. Although 

stronger precedence has been given to temperature over relative humidity because of 

the correlation of the two variables, the current study shows strong inherent 

differences. 

During the dry season, in the heavily built-up locations, the presence of low soil 

moisture might result in a weak cooling effect resulting in stronger UHI intensity. A 

stronger UHI, in turn, exerts higher evapotranspiration demand in heavily built-up 

locations as previous studies have shown (Zipper et al., 2017), resulting in much 

greater decreases in soil moisture. The reverse can be said about the lightly built 

locations as having a stronger cooling effect and a weaker evaporative demand in 

comparison to heavily built-up locations. This phenomenon was shown to occur in a 

temperate city (Zipper et al., 2017), but there was very little previous evidence for its 

occurrence in a tropical city context, which this study achieves. 

A stronger relationship between the proportion of tree cover and nighttime 

temperature in the dry season might result from a much stronger UHI intensity and 

spatial differences in soil moisture. During the wet season as vegetation undergoes 

leaf flush (Williams et al., 1997; Dalmolin et al., 2015; Singh and Kushwaha, 2016; de 

Camargo et al., 2018) UHI intensities are low and would, in turn, result in weak spatial 

differences in leaf flush. However, in the dry season as vegetation undergoes leaf fall, 

with the decline in soil moisture and increase in temperature (Williams et al., 1997; 

Dalmolin et al., 2015; Singh and Kushwaha, 2016; de Camargo et al., 2018), stronger 

spatial differences in leaf fall would result from stronger UHI intensities through 

evapotranspiration demand and increased plant water requirements (Zipper et al., 

2017). Spatial differences in canopy and associated spatial differences in evaporative 

cooling (Li, Ratti and Seiferling, 2018) further intensify the UHI. Although this 

phenomenon of differences in tree canopy cover resulting from differences in local 

environmental settings is well established in natural environments in tropics (Williams 

et al., 1997; Dalmolin et al., 2015; Singh and Kushwaha, 2016; de Camargo et al., 

2018), there is little to no evidences about these processes in tropical urban 

environments.  These changes in the relationship between land cover composition and 
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urban climate showcase the complex non-static relationship between land cover and 

urban climate. 

5.6 Conclusions 
Using a network of 22 locations that represent the wide range of surface and structural 

cover characteristic in the tropical city of Kampala, we empirically examined the 

spatiotemporal dynamics of urban climate during 50 days marking the transition from 

the wet to dry season. This study showed that the magnitude of spatial differences in 

urban climate varied in relation to temporal changes in soil moisture content and that 

the influence of land cover composition varied between the wet and the dry season. 

The findings are important for understanding the spatiotemporal patterns of urban 

climate and reflect on how they might influence vegetation seasonality, and 

vegetation’s provisioning and regulatory functions. This study provides important 

evidence about the seasonality of intra-urban climatic differences in the context of a 

tropical African city with a tropical rain forest climate. The current study also provides 

relevant information related to the characterisation of urban structure for urban 

climate studies in the context of cities that have a complex and heterogeneous urban 

morphology. Such knowledge is very useful for developing standard procedures and 

protocols for characterising urban form and function which often necessitate a wide 

range of exemplary studies for different urbanisation practices.  
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 SENSITIVITY OF CANOPY PHENOLOGY TO CHAPTER 6.

LOCAL URBAN ENVIRONMENTAL CHARACTERISTICS 

IN A TROPICAL CITY 

6.1 Abstract 
Canopy phenology is sensitive to variability in local environmental settings. In 

temperate climates, urban phenological processes and their determinants are 

relatively well understood. Equivalent understanding of processes in tropical urban 

settings is, however, less resolved. In this paper, we explore the influence of 

urbanisation intensity, land cover and urban climate on canopy phenology of two 

deciduous tree species (Jacaranda mimosifolia and Tabebuia rosea) in a tropical city 

(Kampala, Uganda). Our study design involved ground monitoring and field sampling in 

2017, with a focus on the dry season. We found that both species experienced 

significantly higher rates of canopy cover decline in the heavily built neighbourhood 

category (p<0.05 for both species). Moreover, Jacaranda was more sensitive to 

differences in urbanisation intensity than Tabebuia, both in terms of total percentage 

tree canopy cover (p<0.01) and net leaf loss (p<0.05). Total percentage tree canopy 

cover for Jacaranda, declined with increasing paved surface area and was positively 

related to relative humidity (R2=0.21, p<0.01). Net leaf loss in Jacaranda increased with 

decreasing pervious surface areas and as night time air temperature increased 

(R2=0.25, p<0.01). In contrast, land cover and urban climate had no significant 

influence on either measure of phenological traits for Tabebuia. These results provide 

new evidence on the relationship between urbanisation and canopy phenology of 

different tree species in the tropics. Such knowledge offers new insights on the spatial 

and temporal differences in the regulatory functions of trees and also serves as a proxy 

for possible species responses under future climate change. 
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6.2 Introduction 
Urbanisation characterised by increased human habitation, intensive modification of 

the landscape and increased per capita energy consumption (McDonnell and Pickett, 

1990) results in environmental change (Grimm et al., 2008; McCarthy, Best and Betts, 

2010; Pickett et al., 2011; Wu, 2014). The urban heat island (UHI) effect,  where urban 

areas experience elevated temperatures relative to neighbouring rural areas (Voogt 

and Oke, 2003; Zhou et al., 2015; Melaas et al., 2016), is one of the most well 

documented environmental consequences of urbanisation. The UHI effect is often 

greatest at night and exponentially decays along the urban-rural gradient (Zhang, 

Friedl, Schaaf, Strahler, et al., 2004; Zhou et al., 2015), effectively amplifying the 

effects of climate change (McCarthy, Best and Betts, 2010). The potential implications 

of these urban characteristics on the quality of life and public health have resulted in 

the growing interest in research on the impacts of urbanisation (Grimm et al., 2008; 

Pickett et al., 2011; Wu, 2014). This is particularly important because the world’s 

global population living in urban areas is predicted to reach six billion by 2050. Most of 

this growth is expected to take place in developing countries (McCarthy, Best and 

Betts, 2010), where urban residents rely most strongly on urban ecosystem functions 

for health and wellbeing (Lindley et al., 2018). 

Vegetation phenology is the study of the timing and duration of plant development 

phases as determined by changes in the environment (Lieth, 1974). Due to its 

sensitivity to climate variability, phenology has been used for quantifying the effects of 

urbanization, which traditionally has involved comparing phenological differences 

between urban and rural areas (e.g. Roetzer et al., 2000; White et al., 2002; Zhang, 

Friedl, Schaaf, Strahler, et al., 2004; Gazal et al., 2008). Evidence suggests that urban 

areas in temperate climates experience early start and longer growing seasons than 

rural areas (e.g. Neil and Wu, 2006; Jochner and Menzel, 2015). Although these 

phenological differences have been largely attributable to the UHI effect, some studies 

(Jochner et al., 2011; e.g. Buyantuyev and Wu, 2012; Walker, de Beurs and Henebry, 

2015) have demonstrated that variability of other abiotic factors such as soil moisture 

is equally important. Far fewer studies have been undertaken in tropical urban settings 

(e.g. Gazal et al., 2008; Jochner, Alves-Eigenheer, et al., 2013) where soil moisture is a 
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primary driver of phenology (e.g. Huxley and Vaneck, 1974; Borchert, 1983; Williams et 

al., 1997; Zhang et al., 2005; Clinton et al., 2014; de Camargo et al., 2018). Most 

tropical urban phenological studies (e.g. Gazal et al., 2008; Jochner, Alves-Eigenheer, et 

al., 2013) make comparisons between tropical and temperate cities, yet the influence 

of soil moisture variability is as yet, unexplored. The UHI plays a more limited role over 

the timing of the start of the growing season in the tropics, as compared to temperate 

settings (Gazal et al., 2008; Jochner, Alves-Eigenheer, et al., 2013), possibly as a 

consequence of milder seasonal temperature changes in the tropics as compared to 

temperate regions. However, relative humidity has been shown to strongly correlate 

with season onset dates of some tropical trees (Jochner, Alves-Eigenheer, et al., 2013). 

Consequently, the variability of temperature, soil moisture and relative humidity ought 

to be considered for accurate characterisation of phenology in tropical cities. 

The degree of heterogeneity in urban form, land cover and land use within a city can 

also have a significant impact on urban phenology (Jochner et al., 2012; Jochner, Alves-

Eigenheer, et al., 2013; Zhang et al., 2014; Melaas et al., 2016; Zipper et al., 2016). As 

with the research of UHI effects, most studies that relate urban form, land cover and 

land use to phenology have been undertaken in temperate cities and there remains 

very little scientific understanding of their influence on phenology in tropical urban 

environments. Moreover, many tropical cities are experiencing rapid rates of 

urbanisation that take on different urban forms, land cover and types of land use in 

comparison to urbanisation in temperate cities (Lindley et al., 2018). Therefore, studies 

that examine the phenology of tropical trees in response to urban form, land cover and 

land use advance our understanding of the drivers of leaf phenology in tropical 

environments with implications for policy and planning. 

Existing vegetation phenological knowledge in tropical urban settings emanates almost 

exclusively from studies that have focused upon the timing of the start of the growing 

season (e.g. Gazal et al., 2008; Jochner, Alves-Eigenheer, et al., 2013). Canopy cover 

changes of trees in response to the dry season in the tropics are not well established in 

the urban context, although some studies have been undertaken in natural habitats 

(e.g. Williams et al., 1997; Condit et al., 2000; Valdez-Hernandez et al., 2010; Dalmolin 

et al., 2015; de Camargo et al., 2018). Conclusions from such studies suggest that soil 
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moisture reduction in the dry season will result in considerable amounts of leaf loss, 

although the level of leaf loss may differ between species and depend upon local 

environmental conditions. Unusually high levels of leaf loss may impact upon the 

productivity of vegetation in successive growing seasons with implications for 

ecosystem function (Singh and Kushwaha, 2016) and the extent of shading offered 

from tree stands. Consequently, understanding how tropical tree canopy cover may 

change during the dry season, is important for understanding the ecological impacts of 

climate change (Singh and Kushwaha, 2016). Whether changes in canopy cover follow 

similar patterns in tropical cities is currently unknown. 

In this paper, we study tree canopy cover change of two deciduous tree species 

(Jacaranda mimosifolia and Tabebuia rosea) with relation to intra-urban variability in 

urbanisation intensity, land cover and climate in Kampala, Uganda in 2017.  We test 

three key hypotheses: (i) Urbanization intensity influences rate of change of canopy 

cover. We expect that heavily built neighbourhoods would experience higher rates of 

decline in tree canopy cover in comparison to less built neighbourhoods. (ii) We 

anticipate that tree canopy cover change represented by total percentage tree canopy 

cover and net leaf loss between heavily and lightly or moderately built 

neighbourhoods will differ between the species. (iii) Variations in total percentage tree 

canopy cover and net leaf loss for each individual species are accounted for by 

differences in land cover and urban climate. 

6.3 Methods 

6.3.1 Study area 

The study was undertaken in Kampala, the capital city of Uganda (East Africa) between 

February and September 2017. Kampala is located at 00°18′49″N 32°34′52″E (Figure 

6-1) and has a population density of ~8700 inhabitants/km2. Kampala has a tropical 

rainforest (equatorial) climate (Af) according to the Köppen climate classification. 

Climate records over thirty years show that Kampala has two wet seasons annually 

(March-May and September-November) and annual precipitation of ~ 1, 200 mm (data 

source: WMO, World Meteorological Organization). The heaviest monthly rains are in 

the shorter rain season (generally March to May) with April typically recording the 

heaviest rains (~169 mm), while July is the driest month (~ 63 mm). In 2017, the dry 
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season started in May and continued through September (Figure 6-2(a)), and nighttime 

temperature and relative humidity varied across the city (Figure 6-2(b)).  

 
Figure 6-1: Locations of Jacaranda (red) and Tabebuia (turquoise) trees within each phenology site 
(black ring). Each phenology site (radius=100 m) represents the coverage of the sensor measurements 
(air temperature and relative humidity). Tree sample sizes, land cover, and urban form characteristics 
are summarised in Table 6-1 
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Figure 6-2: Kampala’s climate between February and September 2017, (a) monthly rainfall and 
number of days with more than 1mm of rain and (b) Monthly night time air temperature and relative 
humidity. Error bars represent the standard deviation and show the monthly variation of nighttime 
temperature and relative humidity across the phenology sites. 

6.3.2 Selected tree species 

Two deciduous tree species (Jacaranda mimosifolia and Tabebuia rosea) were selected 

for the analysis of canopy cover change. Both species are commonly found throughout 

Kampala (Figure 6-3). Jacaranda mimosifolia (D. Don) and Tabebuia rosea (Bertol.) DC  

both belong to the family Bignoniaceae and are native to the neo-tropics (e.g. 

Argentina, Brazil, Mexico, Venezuela and Ecuador) but  are  widely grown in other 

tropical countries (e.g. Uganda, Sri Lanka, South Africa and Australia).  Jacaranda trees 

grow up to 20 m in height with spreading branches making a light crown (data source: 

World Agroforestry). The species has previously been observed to show extended leaf 

flush coincidental with the onset of the rain season and high leaf fall at the start of leaf 

flush and throughout the dry season (Huxley and Vaneck, 1974). Tabebuia trees grow 

up to 25 m high and exhibit considerable shoot growth and leaf flushing during the rain 
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season (data source: World Agroforestry), whilst leaf fall is pronounced during the dry 

season in response to increasing air temperature (Figueroa and Fournier, 1996). 

6.3.3 Individual tree and phenology site selection 

Nine phenology sites were selected for the analysis (Figure 6-1). The sites were 

distributed across Kampala so as to represent the wide range in surface cover and 

structure that can be observed across the city (Table 6-1) and that are known to 

influence temperature and local climate (Stewart and Oke, 2012) and in turn influence 

phenology (Jochner and Menzel, 2015). Each phenology site contained between 3 and 

8 individual trees of one of the candidate species and a total of 48 Jacaranda trees and 

24 Tabebuia trees were selected for the study (Table 6-1). 

To minimise the potential phenological influence of elevation, each phenology site was 

located within an 80 m altitudinal range of one another, (Jochner et al., 2012). 

Differences in tree size and age were minimised by selecting trees with a similar height 

and trunk size (i.e. diameter at breast height). We also ensured that the selected trees 

were not actively managed.  

 

Figure 6-3: (a) Jacaranda and (b) Tabebuia are ornamental trees commonly found throughout 
Kampala 

The urban environment was characterized via an Object-Based image Analysis 

classification of a WorldView3 satellite image (spatial resolution of 0.5 m) taken on 

25/10/2016. Buildings, paved surface cover and pervious surfaces were classified and 

their proportion (percentage) at each site quantified within 100 m (Table 6-1). 

Although a radius of 200 m for homogenous continuous urban form has been 
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recommended as the zone of influence for local urban climate-related to surface cover 

and surface structure (Stewart and Oke, 2012), the land cover of the phenology sites 

was heterogeneous, which warranted a smaller radius over which surface structure 

and surface cover could be considered as  more uniform. Hierarchical cluster analysis 

was used to generate a generic qualifier of urbanisation intensity for each phenology 

site. Clustering was based on the proportional coverage of buildings, paved and 

pervious surfaces within each site. The clustering resulted in the generation of three 

categories of urbanisation intensity, namely: lightly built, moderately built and heavily 

built (Table 6-1). Urbanisation intensity was used to simplify the urban environment in 

such a way that individual trees located in the same category of urbanisation intensity 

could be treated as a population. 

Table 6-1: Characteristics of the nine phenology sites, their associated urban form (percentage cover 
of pervious surfaces, paved surfaces and buildings) and the number of individual trees (per species) 
sampled at each phenology site. The last row indicates the urbanization intensity category assigned to 
each phenology site.  

Phenology sites One Two Three Four Five Six Seven Eight Nine 

Pervious 49% 52% 41% 81% 67% 77% 67% 95% 100% 

Paved Surface 32% 39% 39% 10% 13% 5% 16% 4% 0% 

Building 20% 9% 21% 9% 20% 19% 17% 2% 0% 

Jacaranda 5 2 6 5 6 5 5 8 6 

Tabebuia 4 5 0 5 0 3 0 0 7 

Urbanisation 
intensity category  Heavily built Moderately built  Lightly built  

6.3.4 Phenology data 

As with other studies that have focussed on the spatial variability of vegetation 

development within a city in a given season (e.g. Gazal et al., 2008; Jochner, Alves-

Eigenheer, et al., 2013), this study focussed only on the dry season. Phenological 

observations were undertaken between March and September 2017 and each tree 

observed twice a week to increase the accuracy of characterising tree canopy change. 

Moreover, unlike other studies (e.g. Gazal et al., 2008; Jochner, Alves-Eigenheer, et al., 

2013) where phenology has focussed on the timing of bud burst which is a single day’s 

event, in this study we track temporal change of trees canopies across an entire 

season. 
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Visual estimation of canopy cover was undertaken by a single observer using a two-

step process to generate a measure of leaf abundance. In step 1, the canopy cover was 

assigned a cover score relating to the relative level of leaf presence (0 = absence of 

leaves, 1 = 1-25 %, 2 = 26-50 %, 3 = 51-75 % and 4 = 76 – 100 %). In step 2, each canopy 

score was refined by assigning a sub-score of 1, 2 or 3. A 1 or 3 was appended if the 

percentage estimates in the first score was distinguishable as being within the upper 

half or lower half of the associated range, otherwise a 2 (median) was appended. For 

example, a tree with a 3 in the first step would be assigned either 3.1 or 3.3 to 

distinguish between 51% and 75%, or a 3.2 would be assigned if the estimate was 

indistinct. The final categorical scores were subsequently converted to their indicative 

percentage values for use in further analysis (e.g. Williams et al., 1997; Morellato et 

al., 2010; Valdez-Hernandez et al., 2010). 

6.3.5 Phenology data processing 

Time-series profiles of percentage canopy cover were generated for each individual 

tree sampled (n= 72). A LOESS smoothing algorithm was applied to each time series to 

minimize the noise in the temporal profile (Figure 6-4). To quantify canopy cover 

changes across the entire dry season (i.e. DOY 150 to 250), two measures of leaf 

phenological traits were determined from each time series.  Total percentage tree 

canopy cover was calculated as the area under the curve between the first and last 

phenological observation and net leaf loss was calculated as the difference between 

the maximum and minimum percentage tree canopy cover over the period of 

observation (Figure 6-4). Measures of leaf production and leaf loss are able to explain 

the canopy cover change in response to intra-urban differences in urbanisation 

intensity, land cover and urban climate. 
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Figure 6-4: Conceptual diagram showing tree canopy change across time and traits of canopy cover 
change (total percentage canopy cover and net leaf loss) that were extracted from the time series as 
indicators of leaf production and leaf loss 

6.3.6 Urban climate 

Volumetric soil moisture content (VMC) was collected at each phenology to depict 

temporal change in precipitation (water availability) that is known to influence UDI 

(see 2.1.5), tropical UHI (see 2.1.4.2) and canopy phenology (see 2.2.3.1). The VMC was 

collected biweekly coincident with recording of phenology data. VMC recordings were 

taken for the top most soil layer (within 5cm) at the same location each time within 3 

meters from each tree trunk using a portable ThetaProbe (model ML3 ThetaProbe, 

Delta-T Devices). 

Air temperature and relative humidity were acquired from HOBO sensors (model 

HOBO U23-001 Pro v2, Onset Corporation) housed in a radiation shield at a height of 3 

m, which was located less than 100 metres from the sampled trees (Figure 6-1). Each 

sensor collected data at 30-minute intervals and was calibrated every three months 

against a factory-calibrated sensor. We calculated the dry season average of each 

urban climate variable (i.e. night time temperature (sunset 18:00 to sunrise 06:00), 

volumetric soil moisture content and relative humidity) for comparison with 

differences in total percentage tree canopy cover and net leaf loss. 
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6.3.7 Data analysis 

For each tree species, a linear mixed model was used to determine whether 

urbanisation intensity influenced rates of decline in tree canopy cover over the 

duration of the observation period. Each data point represented observed canopy 

cover for an individual tree on a given day (nJacaranda model = 672; nTabebuia model=336) and 

was used as the response variable. The fixed effects were Julian day (DOY) and 

urbanization intensity (categorical with three levels: high, moderate or low) and their 

interaction. The individual tree was included as a random effect to allow for correlated 

error terms caused by repeated observations on the same tree. The significance of the 

full model was compared to a corresponding null model (a model that did not account 

for temporal autocorrelation) using a likelihood ratio test. Visual inspection of qqplots 

and plots of residuals plotted against fitted values for the significant models revealed 

normally distributed and homogeneous residuals. DOY was centred around zero for 

interpretation of model coefficients. The modelling was implemented using the “lme” 

function of the “nlme” package in R (Pinheiro et al., 2018; R Core Team, 2018).  

General linear models were used to determine whether the effect of urbanisation on 

total percentage tree canopy cover and net leaf loss varied between species. We used 

only locations where both species occurred and each data point represented an 

individual tree (nJacaranda = 23; nTabebuia =24). Total percentage tree canopy cover and net 

leaf loss were modelled separately. Species, urbanisation intensity and their 

interaction, were explanatory variables in both models.  The significance of the full 

models was tested against a reduced model with a single explanatory variable of urban 

intensity, using a likelihood ratio test to assess the effect of species.  Prior to 

modelling, total percentage canopy cover and net leaf loss were log-transformed. An 

exact Mann-Whitney U test was used to determine whether total percentage tree 

canopy cover and net leaf loss differed between the species.  Again, a visual inspection 

of qqplots and plots of residuals plotted against fitted values for the significant models 

revealed normally distributed and homogeneous residuals. 

We used an information-theoretic approach (Burnham, Anderson and Huyvaert, 2011) 

to explore the relative influence of different urban climate variables and land cover 

composition on each of the measured phenological traits. This was undertaken to 
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identify the explanatory effect of individual elements of urban climate and land cover. 

We derived linear models for each response variable (total percentage tree canopy 

cover and net leaf loss) into which land cover (percentage cover of buildings, trees, 

paved and pervious surfaces) or urban climate (night time temperature, relative 

humidity and volumetric soil moisture) were included as explanatory variables. This 

resulted in two sets of models; one for land cover and the other for urban climate, 

with each model set comprising all combinations of their input variables. Variance 

inflation factors (VIFs) were calculated (“vif” function of the R package car) for each 

model to assess collinearity between continuous explanatory variables, resulting in the 

sequential exclusion of models in which explanatory variables had a VIF>3. We also 

formulated a null model with the intercept only to represent the explanatory nature of 

other variables not covered in this study. Model selection approaches were used to 

determine the structure of the simplest model explaining the phenology-land cover- 

urban climate relationships using the MuMIn package in R [R version 3.5.0 (Barton, 

2018; R Core Team, 2018)]. The Akaike information criterion corrected for small 

sample size (AICc) was used to rank and assess individual model performance. The 

correlative relationship between land cover, urban climate and phenology was 

considered to be weak if the null model (intercept only) had a ΔAICc =0. Models with 

ΔAICc < 2 when comparing models with the top-ranked model, were considered as 

potentially suitable models. For all remaining models, the relative influence of land 

cover and urban climate (separately) on total percentage tree canopy cover and net 

leaf loss was assessed. The sum of Akaike weights for each model was used to obtain 

the relative importance value (RIV) for a given explanatory variable (Burnham and 

Anderson, 2003), in order to identify variables that were most closely associated with 

total canopy cover and net leaf loss. 

6.4 Results 

6.4.1 Temporal changes in canopy cover  

Both species showed a general pattern of increasing canopy cover during the wet 

season, followed by canopy cover decline with the onset of the dry season. 

Furthermore, the temporal pattern in soil moisture and canopy cover where relatively 

similar (Figure 6-5). 
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Figure 6-5: Temporal changes in canopy cover for all trees for each species of trees with relation to 
changes in volumetric soil moisture content. Soil moisture data after DOY=212 were removed prior to 
analysis due to equipment malfunction 

6.4.2 Rate of change of tree canopy cover under varying urbanisation 

intensity 

The combined effect of time (DOY) and urbanisation intensity significantly influenced 

canopy cover for both tree species (likelihood ratio test: p<0.0001). Both species 

experienced significantly higher rates of tree canopy cover decline in heavily built 

neighbourhoods in comparison to less built neighbourhoods (p<0.05 in both models). 

The change in slope (i.e. rate of change in canopy cover) from lightly built to heavily 

built neighbourhoods was significant for both Jacaranda (estimate=0.16, standard 

error=0.02, p<0.01; Table 6-2) and Tabebuia (estimate=0.03, standard error=0.01, 

p<0.01; Table 6-2). Similarly, the change in slope from moderately built to heavily built 

neighbourhoods was highly significant for Jacaranda (estimate=0.11, standard 

error=0.01, p<0.01; Table 6-2) and Tabebuia (estimate=0.02, standard error=0.01, 

p<0.05; Table 6-2). 

6.4.3 Species Influence on total percentage of tree canopy cover   

Species had an effect on the relationship between urbanization intensity and total 

percentage cover (comparison of full with reduced model:  χ2=-0.18, df=3, p<0.01). In 

comparison to Jacaranda, Tabebuia showed negligible differences in total percentage 

canopy cover between lightly and heavily built neighborhoods (estimate = -0.257, 

standard error =0.087, p<0.01) and between moderately built and heavily 
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neighborhoods (estimate = -0.22, standard error =0.08, p<0.01) as shown in Table 6-3 

and Figure 6-6.  

6.4.4 Species Influence on net leaf loss  

The relationship between urbanisation intensity and net leaf loss was influenced by 

species (likelihood ratio test: χ2=13.583, df=3, p=0.0000). Overall, mean net leaf loss 

across all neighbourhood categories differed between Jacaranda and Tabebuia (Mann-

Whitney U-test: U=430, p=0.002805). Tabebuia showed negligible differences in mean 

net leaf loss between lightly and heavily built neighbourhoods in comparison to 

Jacaranda (estimate = 1.266, standard error =0.591, p<0.05; Table 6-3; Figure 6-6). 

However, differences in net leaf loss between moderately built and heavily built 

neighbourhoods were relatively the same for Tabebuia and Jacaranda (estimate = 

0.420, standard error =0.545, p>0.05; Table 6-3; Figure 6-6). 

Table 6-2: Estimated regression parameters, standard errors (in brackets) and significance levels for 
the relationship between urbanisation intensity and canopy cover decline. NB: 

*
p<0.1; 

**
p<0.05; 

***
p<0.01 

 
Dependent variable: 

 
Leaves (%) 

 
Tabebuia Jacaranda 

 
(1) (2) 

DOY -0.216
***

 -0.047
***

 

 
(0.011) (0.006) 

Lightly built 11.539
***

 0.648 

 
(3.537) (3.474) 

Moderately built 9.963
***

 -0.250 

 
(3.241) (3.349) 

DOY:Lightly built 0.160
***

 0.027
***

 

 
(0.015) (0.009) 

DOY:Moderately built 0.105
***

 0.022
**

 

 
(0.014) (0.009) 

Intercept 57.966
***

 64.224
***

 

 
(2.547) (2.298) 



 

161 
 

Observations 672 336 

 

Figure 6-6: Interaction effect of species and urbanisation intensity on (a) Total percentage canopy 
cover and (b) Net leaf loss. 

Table 6-3: Estimated regression parameters, standard errors (in brackets) and significance levels for 
the effects of species on the relationship between urbanisation intensity and (1) Net leaf loss (2) Total 
percentage canopy cover. NB: 

*
p<0.1; 

**
p<0.05; 

***
p<0.01 

 

 
Dependent variable: 

 
log(Net leaf loss) log(Total percentage canopy cover 

 
(1) (2) 

Tabebuia -1.472
***

 0.103
*
 

 
(0.397) (0.058) 

Lightly built -1.265
***

 0.242
***

 

 
(0.438) (0.064) 

Moderately built -0.767
*
 0.197

***
 

 
(0.388) (0.057) 

Tabebuia:Lightly built 1.266
**

 -0.257
***

 

 
(0.591) (0.087) 

Tabebuia:Moderately built 0.420 -0.217
***

 

 
(0.545) (0.080) 

Intercept 2.723
***

 8.575
***

 

 
(0.297) (0.044) 

Observations 47 47 
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6.4.5 Influence of land cover 

Paved surfaces and pervious surface area significantly influenced total percentage 

canopy (F1,46 =16.6, p<0.01) and net leaf loss (F1,46 =12.37, p<0.01) respectively for 

Jacaranda, and this is supported by the high RIV scores (Table 6-5). Specifically, total 

percentage canopy cover decreased with increase in paved surface area (R2=0.25, 

estimate ± SE: -0.005 ± 0.001, t46=-4.07; Table 6-4; Figure 6-7) while increase in 

pervious surface area resulted in decrease in net leaf loss (R2=0.2, estimate ± SE: -0.21 

± 0.006, t46=-3.517; Table 6-4; Figure 6-7). However, there was no significant model for 

total percentage canopy cover and net leaf loss in Tabebuia (Table 6-4). 

6.4.6  Influence of urban climate 

Total percentage canopy cover and net leaf loss for Jacaranda were significantly 

influenced by differences in relative humidity (F1,46 =14.47, p=0.0004; Table 6-4) and 

nighttime temperature (F1,46 =16.24, p=0.0002; Table 6-4) respectively. Total 

percentage canopy cover increased with increase in relative humidity (R2=0.222, 

estimate ± SE: 0.04 ± 0.01, t46=3.804; Table 6-4; Figure 6-7) while increase in pervious 

surface area resulted in decrease in net leaf loss (R2=0.245, estimate ± SE: 1.425 ± 

0.354, t46=4.03; Table 6-4; Figure 6-7). There was no significant model explaining the 

relationship between urban climate and phenological traits in Tabebuia (Table 6-4; 

Table 6-5). 
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Figure 6-7: Effect plots showing the influence of land cover and urban climate on total percentage 
canopy cover and net leaf loss 

 

Table 6-4: AICc statistics for models for total percentage canopy cover and net leaf loss relationships 
with land cover and urban climate for each species separately. AICc = AIC corrected for small sample 
size, df = degrees of freedom, R

2
 = adjusted regression coefficient, p = model p-value, ΔAICc = 

difference between the top model and given model AICc, wi = model weight. Only models with ΔAICc 
< 2 are shown. 

Metric Species 
Model 
class 

Model 
variables AICc logLik df 

Adjusted 
R

2
 p delta weight 

  
 

Paved 
surfaces  

-
56.6 31.6 3 

0.25 0.0002 
0 0.46 

  
Land 
cover 

Pervious 
surfaces, 
Trees -56 32.4 4 

0.26 0.0004 
0.69 0.33 

 Jacaranda 
 

Buildings
, Paved 
surface, 
Trees -55 33.2 5 

0.27 0.0008 

1.60 0.21 

Total 
percentage  

Urban 
climate 

Relative 
humidity -55 -30.8 3 

0.21 0.0004 
0 0.65 
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canopy 
cover 

  
 

Night 
temp 

-
53.7 30.14 3 

0.20 0.0007 
1.25 0.35 

 
 

Land 
cover 

Intercept 
only 

-
32.8 18.7 

2 

  
0 

1 

 Tabebuia 
Urban 
climate 

Intercept 
only 

-
32.8 18.7 2 

  
0 0.7 

 
 

 
Night 
temp 

-
31.1 

19.2 
3 

-0.01 0.356 
1.68 0.3 

  
 

Pervious 
surface 

129.
14 -61.3 3 

0.2 0.001 
0 0.45 

  
Land 
cover 

Pervious 
surface, 
trees 

129.
57 -60.3 4 

0.2 0.0019 
0.43 0.36 

 Jacaranda 
 

Paved 
surface 

130.
78 -62.1 3 

0.17 0.0023 
1.64 0.2 

Net leaf 
loss  

Urban 
climate 

Night 
temp 

126.
05 -59.8 3 

0.25 0.0002 
0 

0.67 

  
 

Night 
temp, 
soil 
moisture 

127.
5 -59.3 4 

0.24 0.0007 

1.44 

0.33 

 Tabebuia 
Land 
cover 

Intercept 
only 

53.7
9 -24.6 2 

  
0 

1 

 
 

Urban 
climate 

Intercept 
only 

53.7
9 -24.6 2 

  
0 1 

 
 
Table 6-5: Relative importance values (RIV) of predictor variables for models predicting total 
percentage canopy cover and net leaf loss for each species separately based on land cover and urban 
climate 

     

Model 

category    

    

Land 

cover 

  

Urban 

climate 

 

Metric Species 

Paved 

surface 
Trees 

Pervious 

surface 
Buildings 

Night 

temp 

Soil 

moisture 

Relative 

humidity 

Total 

percentage 

canopy 

cover Jacaranda 

0.64 0.42 0.36 0.28 0.36 

0.26 

0.63 

 

Tabebuia 0.16 0.18 0.19 0.18 0.29 0.26 0.15 

Net leaf 

loss Jacaranda 
0.33 0.35 0.58 0.27 0.83 0.33 0.16 

 

Tabebuia 0.151 0.18 0.183 0.181 0.21 0.22 0.168 
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6.5 Discussion 
The current study found that tree canopy cover decline during the dry season varied 

with urbanisation intensity for two deciduous tree species Jacaranda mimosifolia and 

Tabebuia rosea in a tropical city. Specifically, heavily built neighbourhoods experienced 

the highest rates of tree canopy cover decline. However, the relationship between 

urbanisation intensity and phenological traits relating to tree canopy cover change 

(total percentage canopy cover and net leaf loss) differed between the species. 

Jacaranda showed stronger differences in total percentage of tree canopy cover and 

net leaf loss between heavily built and less built neighbourhoods than Tabebuia. Total 

percentage canopy cover and net leaf loss in Jacaranda increased with decreasing 

paved and pervious surface area respectively. Equally, increases in relative humidity 

(positively correlated with volumetric soil water content) and nighttime temperature 

increased total percentage canopy cover and net leaf loss respectively for Jacaranda. 

However, there was no evidence to suggest that land cover composition or the 

measured urban climate variables influenced the phenology of Tabebuia. 

Relatively similar patterns of canopy cover decline with decreasing soil moisture 

content during the dry season, and species differences have been observed in natural 

habitats (e.g. Williams et al., 1997; Condit et al., 2000; de Camargo et al., 2018). This 

study, however, provides important new evidence of these processes in tropical urban 

environments. Differences between tree species have been linked with species-specific 

endogenous mechanisms (e.g. Borchert, 1983; Williams et al., 1997). Jacaranda and 

Tabebuia have been observed to show different mechanisms for the timing of leaf loss 

in relation to leaf production. For example, Huxley and Vaneck (1974) observed that 

Jacaranda exhibited extended periods of leaf production that coincided with the rain 

season and that leaf loss occurred simultaneously with leaf production. Start of leaf 

loss in Tabebuia, however, has been observed to occur much later after leaf 

production during the dry season (Borchert, 1983). Moreover, Tabebuia has been 

observed to exhibit weak tree canopy cover change under moderate seasonal climatic 

conditions (Reich, 1995) and to show subtle leaf loss in some dry seasons (Condit et al., 

2000).  
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The intra-urban differences in canopy cover change (total percentage canopy cover 

and net leaf loss) between the two species showed that Jacaranda is more sensitive to 

the combined effect of urbanisation and the dry season than Tabebuia. Relatively 

similar species differences in phenology have been observed in urban phenological 

studies in the tropics, though these studies focused on the timing of the start of season 

(e.g. Gazal et al., 2008; Jochner, Alves-Eigenheer, et al., 2013). The measures of canopy 

cover change used in this study (i.e. rates of change in canopy cover decline, total 

percentage canopy cover and net leaf loss) are indicative of the net effect of canopy 

dynamics across an extended time period/season and offer a novel approach for 

characterising phenology in tropical urban environments. Similar approaches can be 

used alongside traditional phenological observations (e.g. timing of start, end and 

length of season) to deepen our understanding of phenological processes. 

Our analysis showed that Jacaranda trees in sites that had low paved surface area and 

high relative humidity, (positively correlated with soil moisture; Pearson’s r=0.63) were 

related to high total percentage canopy cover. In turn, Jacaranda trees in sites of low 

pervious surface area and high nighttime air temperature experienced high net leaf 

loss. Leaf flush peak and Leaf fall peak which are indicators of total percentage canopy 

cover and net leaf loss respectively have been observed to be strongly affected by 

relative humidity and air temperature respectively (Do et al., 2005). Although we were 

not able to identify a strong relationship between soil moisture and total percentage 

cover as expected (Huxley and Vaneck, 1974; Borchert, 1983), the positive correlation 

between soil moisture and humidity that has been established in other studies (e.g. 

Archibald and Scholes, 2007; Cai et al., 2019) might be indicative of the effect of soil 

moisture. Whilst the measurements taken for volumetric soil moisture content at the 

topmost soil layer (within ~8cm) were indicators of relative differences in volumetric 

soil moisture content among locations, these measures would not suffice to accurately 

represent relative differences in volumetric soil moisture content at deeper soil depths 

(Lakshmi, Jackson and Zehrfuhs, 2003). Moreover, some studies suggest that trees in 

tropical environments have complex water use mechanisms that rely on groundwater 

(Do et al., 2005; Guan et al., 2014) which might explain the lack of a direct relationship 

between total percentage canopy cover and soil moisture observed in this study. Soil 
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moisture plays a significant role even in temperate climate (Melaas et al., 2016; Zipper 

et al., 2016) and future urban phenological studies ought to account for its variability 

along a gradient of depth in relation to vegetation phenology.  

 Although Tabebuia showed variations in decline in canopy cover along a gradient of 

urbanisation intensity, there was little to no evidence to show that land cover and 

urban climate influenced total percentage canopy cover and net leaf loss. This is in 

agreement with some studies (e.g. Jochner, Alves-Eigenheer, et al., 2013) that have 

observed weak differences in phenology as a result of intra-urban climatic differences.  

The differences in the rate of change in canopy cover decline for Tabebuia might be 

attributable to intensified land use (e.g. heavier traffic) in heavily built 

neighbourhoods. Jochner et al. (2015) observed that ozone, NO2, NOx and PM levels 

were significantly related to delays in phenology. Additionally, high foliar 

concentrations of potassium, boron, zinc, and calcium have been linked to earlier 

onset dates (leaf flushing) by enabling cell extension, membrane function and stability 

(Jochner, Hofler, et al., 2013). Consequently, the observed spatial differences in 

phenology for Tabebuia along an urbanisation intensity gradient (that highlight land-

use intensity) could be linked to measures other than temperature, soil moisture and 

relative humidity.  

6.5.1 Conclusion 

This study provides new evidence that shows that urbanisation affects the rate of 

change of canopy cover of different trees in tropical urban environments during the 

dry season, but the dynamics of these processes vary among species. Moreover, the 

differences in sensitivity of species to urbanisation intensity, land cover and urban 

climate might imply that some species are better adapted than others to urban 

environments.  Therefore, the direction for future research that assesses the 

regulatory services of trees ought to account for locational differences in urbanisation 

intensity, land cover, and temporal changes in canopy cover at individual species level. 

Equally, future studies on vegetation phenology in tropical urban environments ought 

to explore the effect of different factors (e.g. nutrients and pollution) in addition to 

urbanisation intensity, land cover and urban climate.  



 

168 
 

The findings in this study have direct implications for the understanding of the 

provision of vital regulatory functions of vegetation. Suppressed tree canopy cover in 

the heavily built neighbourhoods might limit mitigation of the UHI through shading 

and evaporative cooling. Furthermore, the amplified effect of the dry season as a 

result of intensified urbanisation is indicative of potential impacts of climate change 

which is expected to result in extremely dry seasons. The observations made on both 

species in the heavily built neighbourhoods in comparison to the less built 

neighbourhoods might offer insights on how the species and other taxonomically 

related species would respond in their natural habitats to extreme events like drought 

that are expected to increase under predicted climate change. The findings from this 

study form the baseline for further studies to be undertaken on the phenomenon 

relating urbanisation intensity, land cover and urban climate to tree canopy cover 

change in tropical environments. Such studies are important because they improve our 

understanding of temporal changes in primary production and their effects on nutrient 

cycling, water and energy fluxes and resource availability at the ecosystem level. 
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  CONCLUSIONS CHAPTER 7.

7.1 Introduction 
This chapter summarises the key findings of this study regarding the research aims 

highlighted in the introductory chapter. A discussion of these findings and their 

significance for climate and phenology in the context of tropical cities then follows. 

The final discussion focuses on the rigour and limitations of the study and 

recommendations for future work. 

7.2 Summary of research findings 
The thesis has three main aims, each related to understanding urban climate and its 

significance to canopy phenological processes using the case study of Kampala, 

Uganda. The research aims were as follows: 

 To examine the influence of the urban heat island effect on landscape 

phenology 

 To investigate the spatiotemporal dynamics of urban climate during the wet-

dry season transition 

 To investigate the sensitivity of canopy phenology to local environmental 

settings 

Therefore, an evaluation of the attainment of the overarching goal of this study is 

achieved by reflecting upon the outcomes of each one of the three research aims. 

There then follows an ensemble interpretation and discussion of the relevance of 

these findings. 

7.2.1 Effect of the urban heat island on landscape phenological 

processes 

The literature review revealed a lack of published studies which empirically 

investigated the influence of urban form and urban climate (UHI) on landscape 

phenological patterns in the tropics. Cities in cooler climates, on the other hand, have 

had a large number of studies on landscape phenological processes (e.g. Zhang, Friedl, 
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Schaaf, Strahler, et al., 2004; Dallimer et al., 2016; Melaas et al., 2016; Zhou et al., 

2016; Zipper et al., 2016). 

In this study, spatial patterns of vegetation seasonality (i.e. start, end and length of the 

vegetation growing season), maximum land surface temperature (LST) and urban form 

were derived from remotely sensed satellite imagery covering Kampala. Spatial 

patterns in landscape phenology were analysed with relation to differences in urban 

form using the local climate zone (LCZ) framework and associated surface temperature 

differences.  

Land surface temperature was observed to increase along a distance gradient from 

urban to rural areas and to be greatest in locations that typified densely built-up and 

lightly vegetated areas (i.e. ~3.5°C higher than the least built-up location). The 

magnitude of the decline in LST along the urban-rural gradient varied across years such 

that smaller differences in LST between urban and rural areas were observed in 2014 

(~1.5°C) and 2015 (~1°C) than 2013 (~3.5°C). The Start of season was earlier in rural 

than urban areas, and earlier in highly vegetated urban form types (less built) in 

comparison to densely built-up urban form types (i.e. two days difference) across all 

three years. Land surface temperature had a positive relationship with start of season 

such that 2°C increase in temperature was associated with a one day delay in the start 

of the vegetation growing season. The end of season occurred later in rural areas and 

areas that typified lightly built urban form types in comparison to densely built urban 

form types (i.e. seven days differences). More specifically, higher LST was associated 

with earlier end of the growing season, such that a 2°C increase in temperature 

shortened the timing of the end of season by two days. The duration of the vegetation 

growing season was longer in rural than urban areas (2 days difference) and in 

locations that were lightly built (highly vegetated) in comparison to the most built-up 

urban form type (15 days). Increases in LST by 2°C resulted in a reduction of duration 

of the growing season by one day. These findings are in contrast to the traditional 

knowledge of landscape phenological processes in cities located in cooler climates 

where the heavily built-up locations experience earlier start of season and longer 

vegetation growing seasons than rural areas due to the UHI effect. 
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7.2.2 Spatiotemporal dynamics of urban climate during the wet-dry 

season transiton 

Surface moisture influences canopy phenology through leaf flush in tropical natural 

environments (Williams et al., 1997; Clinton et al., 2014; de Camargo et al., 2018). 

Consequently, an understanding of the influence of the UHI on canopy phenology in 

tropical cities can be better gained my controlling for the effect of surface moisture. In 

the current study, spatiotemporal analysis of urban climate was undertaken to reveal: 

the temporal change of spatial differences in urban climate that drive spatial 

differences in phenology; and to investigate the influence of land cover composition 

on urban climate. This involved spatiotemporal analysis of relative humidity (UDI 

effect) and nighttime air temperature (UHI effect) with relation to temporal changes in 

surface moisture that represented the wet-dry season transition. Also the influence of 

land cover composition on spatial variability in urban climate was assessed during the 

wet and dry season separately. Twenty-one locations representing the wide range of 

urban structural differences within the city were selected for acquisition of urban 

climate data.  

The vast majority of urban climate studies in tropical cities have focused on the UHI 

effect (Roth, 2007; Roth and Chow, 2012; Giridharan and Emmanuel, 2018) because of 

its relevance to human health (Heaviside, Macintyre and Vardoulakis, 2017). Relative 

humidity used for characterising the UDI effect and an indicator of phenological 

processes (Do et al., 2005; Archibald and Scholes, 2007; Jochner, Alves-Eigenheer, et 

al., 2013) and spatiotemporal dynamics of surface moisture (e.g. Archibald and 

Scholes, 2007; Roth, 2007; Yang, Ren and Hou, 2017; Cai et al., 2019) has often been 

overlooked. This study revealed the inherent differences between temperature and 

relative humidity demonstrated by differences in key determinants of their spatial 

variability. The proportion of paved surfaces and buildings accounted for 64.5% and 

63.8% of the differences in nighttime air temperature in the wet and the dry season 

respectively. Increase in temperature was associated with a high proportion of 

buildings and paved surfaces. The proportion of trees and pervious surfaces accounted 

for 77.6% and 80.2% of the differences in relative humidity during the wet and dry 

season respectively. High pervious surface cover and proportion of trees cover was 
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associated with higher relative humidity. Although the proportion of tree cover had a 

significant influence on relative humidity during both the wet and dry season, tree 

cover influenced temperature in the dry season only, such that higher proportion of 

trees was associated with lower temperature. 

The gradual increase in soil moisture during the wet season resulted in a decrease in 

nighttime temperature and an increase in relative humidity across all locations. During 

the dry season, a decline in surface moisture resulted in an increase in air temperature 

and a decrease in relative humidity across all locations. 

The spatial differences in air temperature and relative humidity were observed to 

decline with a gradual increase in surface moisture. However, the dry down period 

increased spatial differences in both nighttime air temperature and relative humidity. 

During the dry season, the fastest rates of changes in nighttime air temperature and 

relative humidity were observed in the most built-up locations, whereas locations that 

had the least proportion of human-made features underwent the slowest rates of 

change in air temperature and relative humidity. 

7.2.3 The sensitivity of canopy phenology to local environmental 

settings 

A review of the literature showed a lack of published studies which quantitatively 

investigated the influence of urbanisation and the UHI on canopy cover change in 

urban environments despite there being an extensive number of studies in tropical 

natural environments (e.g. Williams et al., 1997; Condit et al., 2000; Valdez-Hernandez 

et al., 2010; Dalmolin et al., 2015; de Camargo et al., 2018). Jacaranda and Tabebuia 

trees of similar sizes in nine locations highlighting the wide range of differences in 

urban form across Kampala were monitored from March to September 2017. Canopy 

phenology of the two deciduous species was analysed with relation to differences in 

urbanisation intensity, land cover and urban climate in the dry season that is 

associated with leaf senescence (Williams et al., 1997; Condit et al., 2000; Valdez-

Hernandez et al., 2010; Dalmolin et al., 2015; de Camargo et al., 2018). The rate of 

decline of canopy cover during the dry season for both Jacaranda and Tabebuia 

increased along a gradient of increasing urbanisation intensity. However, Jacaranda 
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was more sensitive to differences in urbanisation intensity than Tabebuia, both in 

terms of the total percentage of tree canopy cover and net leaf loss. Total percentage 

tree canopy cover for Jacaranda decreased as the proportion of paved surfaces 

increased and with a decline in relative humidity. The decline in the proportion of 

pervious surfaces and an increase in nighttime temperature were associated with 

increased Net leaf loss in Jacaranda. In contrast, land cover and urban climate had no 

significant influence on total percentage canopy cover and net leaf loss in Tabebuia. 

7.3 Significance of the findings of the research 

7.3.1 Tropical urban climate 

The gradual decline in nighttime temperature across all locations with the increase in 

soil moisture during the wet season could be explained by higher radiative cooling due 

to high latent heat flux (Lakshmi, Jackson and Zehrfuhs, 2003; Weng, Lu and Schubring, 

2004). The decline in spatial differences in nighttime temperature with increased soil 

moisture highlights the fact that the effect of high radiative cooling associated with an 

increase in soil moisture superseded UHI-induced evaporation (Zipper et al., 2017). 

Conversely, the radiative cooling effect was lessened due to the declining soil moisture 

in the dry down period explaining the increase in temperature across all locations. The 

ever increasing spatial differences in nighttime temperature were associated with 

contrasts in radiative cooling and evaporation, whereby heavily built-up locations 

experienced higher evaporative demand and weaker radiative cooling than the highly 

vegetated areas. Therefore densely built-up locations experienced a more rapid 

increase in air temperature during dry down than the highly pervious and vegetated 

areas. 

Soil moisture measurements derived from the top-most soil layer were used in this 

study to characterise soil moisture temporal changes across the entire study area. 

However, the high level of heterogeneity in soil types and depth depicted in urban 

environments rendered the data of soil moisture from the top layer impractical for 

representing spatiotemporal variations in soil moisture. However, the positive 

relationship between soil moisture and relative humidity (Archibald and Scholes, 2007; 

Roth, 2007; Yang, Ren and Hou, 2017; Cai et al., 2019) was used to deduce spatial 

differences in soil moisture from relative humidity. Consequently, the gradual increase 
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in soil moisture during the wet season explains the gradual increase in relative 

humidity across all locations. However, at any given point in time, lightly built-up areas 

consistently recorded higher relative humidity (i.e. high soil moisture) than the heavily 

built-up locations highlighting higher water capture and storage in lightly built-up 

areas. Lower water content in heavily built-up locations can be explained by stronger 

evaporation through the UHI effect (Zipper et al., 2017) and higher proportion of 

impervious surfaces that restrict water capture and storage (Barnes, Morgan and 

Roberge, 2001; Whitford, Ennos and Handley, 2001). With the end of the wet season 

and reduction in the cooling effect through soil moisture-induced latent heat flux 

(Lakshmi, Jackson and Zehrfuhs, 2003; Weng, Lu and Schubring, 2004), UHI-induced 

water loss via evaporation (Zipper et al., 2017) significantly increased in the heavily 

built-up locations. Consequently, densely built-up locations experienced a more rapid 

decline in soil moisture exhibited by a more rapid decline in relative humidity than 

highly pervious and vegetated areas. 

The tendency towards stronger UHI intensity in the dry than wet season observed in 

this study agrees with findings from other tropical UHI studies (e.g. Roth, 2007; Cui and 

De Foy, 2012; Balogun and Balogun, 2014; Ayanlade, 2016; Ojeh, Balogun and 

Okhimamhe, 2016; Amorim and Dubreuil, 2017; Giridharan and Emmanuel, 2018). 

However, the determination of the magnitude of intra-city differences in UHI intensity 

and relative humidity with relation to subtle changes in soil moisture as opposed to 

the urban-rural and wet-dry season dichotomies are novel features of this study. 

7.3.2 Phenology in tropical cities  

In this study, both remote sensing and field monitoring approaches revealed strong 

UHI intensity in the most built-up locations of the study site which is in agreement with 

a vast number of UHI studies in the tropics (Roth, 2007; Roth and Chow, 2012; 

Giridharan and Emmanuel, 2018 and references therein). This study, however, 

revealed inter-annual differences in the magnitude of LST between urban and rural 

areas, such that LST in rural areas in 2014 and 2015 were considerably higher than in 

2013. The years 2014 and 2015 were associated with drought and El Niño episodes 

respectively and experienced higher air temperature than 2013 throughout the entire 

year as described in Chapter 4. Moreover, inter-annual climatic anomalies such as the 
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drought and El Niño associated with elevated temperatures negatively affect 

vegetation productivity in tropical regions (Kogan and Guo, 2017; Bastos et al., 2018; 

Rifai et al., 2018; Zhang et al., 2019). 

Within the city, shorter growing seasons associated with high LST as derived from 

remote sensing show strong parallels with high canopy cover decline resulting from 

high air temperature observed using field monitoring approaches. On the flip side, the 

observed longer growing seasons using remote sensing that is associated with low LST 

reflect the higher leaf production associated with high soil moisture depicted by the 

field monitoring approach. These findings show a strong agreement between the 

remote sensing and visual observations of canopy phenology used in this study 

because both methods focus on changes in canopy structure. Furthermore, these 

findings agree with previous tropical phenology studies that have shown that the wet 

season and increased relative humidity are predictors of leaf flush (Do et al., 2005; 

Archibald and Scholes, 2007; de Camargo et al., 2018), whereas leaf fall is accelerated 

by temperature increase during the dry season (Williams et al., 1997; Condit et al., 

2000; Dalmolin et al., 2015; de Camargo et al., 2018). The novelty of this study is the 

determination of canopy cover changes to local environmental settings in a tropical 

urban environment and that the UHI is a limiting factor to vegetation growth.  

The stronger UHI intensity and strong spatial differences in the relative humidity 

during the dry season might result in stronger effects on leaf fall and spatial 

differences in the occurrence of leaf fall. Consequently, stronger differences in tree 

canopy cover in the dry than wet season might account for the stronger relationship 

between air temperature and proportion of tree cover in the dry season in comparison 

to the wet season. Equally greater magnitude of canopy cover in the dry season might 

result in strong differences thermal cooling via evapotranspiration (Li, Ratti and 

Seiferling, 2018) as a feedback response and intensify the UHI. Although the temporal 

changes in vegetation cover and their spatial variability have been overlooked to a 

greater extent in tropical urban climate studies, this study provides substantial 

evidence related to the role of phenology on local climate regulation in tropical cities. 
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7.3.3 Climate change science 

Cities are microcosms of global-scale environmental change processes making them 

informative test cases for understanding dynamics of ecological systems and their 

responses to change (Ziska et al., 2003; Grimm et al., 2008). The relative differences in 

urban climate and the resulting variations in ecological processes form a framework 

for learning about global-scale ecological processes in response to relative differences 

in a given climatic variable. For example, the UHI effect on vegetation phenology is 

considered useful for advancing the understanding of vegetation phenological 

responses due to climate change (Neil and Wu, 2006; Jochner and Menzel, 2015). 

In the context of tropical climates, the observed differences in phenology due to the 

UHI effect might be indicative of phenological responses to increased temperature 

under predicted climate change. Consequently, earlier ends of vegetation growing 

seasons, shorter vegetation growing seasons and lower vegetation productivity might 

be expected to occur with increasing temperatures in water-limited tropical 

environments. Such changes in climate might negatively impact on both natural and 

agricultural systems which might, in turn, affect water, nutrient and energy cycling and 

ecosystem balance. There is evidence to show that substantial reductions in rainfall 

(Ssentongo et al., 2018) and increases in temperature (Mubiru et al., 2018), are 

already adversely affecting agricultural production systems in some regions of tropical 

Africa. 

In tropical cities, elevated temperatures due to climate change might amplify the 

effect of the UHI and further shorten the GSL. The effect of smaller and poorly 

established canopies would limit the provision of shade and thermal cooling through 

evapotranspiration and result in a further decline in thermal comfort in cities. 

Therefore, there is need for long term monitoring of urbanisation processes and urban 

climate monitoring in order to separate legacy climate change from urbanisation 

induced climate phenomena and the associated impacts on ecological processes. 

7.3.4 Implications for urban development 

The findings of the study provide invaluable evidence about urban-induced climatic 

and phenological processes and discourse into the feedback of these processes on 
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local climatic conditions. These findings are, therefore, not only relevant for the 

planning process in Kampala but apply to other tropical cities that are experiencing 

similar patterns of urbanisation and are faced by similar challenges to sustainable 

urbanisation. 

Kampala is rapidly urbanising at an estimated rate of c.5% per annum (Vermeiren et 

al., 2012; Bidandi and Williams, 2017), which is prototypical of the rapid urbanisation 

taking place in sub-Saharan Africa (Pérez-Molina et al., 2017). The city has expanded 

beyond its administrative boundary to incorporate former satellite towns and 

surrounding rural areas and create an urban surface (c.800 km2) referred to as the 

Kampala greater metropolitan area (Vermeiren et al., 2012). Kampala’s commercial 

and industrial activities contribute significantly to national gross domestic product. 

This was highlighted by a national average economic growth rate of 7.4% between 

2009 and 2017. In addition to being the central hub for financial transaction, Kampala 

is the chief administrative, political and educational centre of the country (Lwasa, 

2017). Therefore the findings of this research are critical for the advancement of 

knowledge related to the liveability of cities that form a core part of the economies of 

developing countries and could benefit policy making for the attainment of sustainable 

development.  

One key feature of the landscape changes across Kampala is the emergence of 

informal developments and settlements (Bidandi and Williams, 2017; Richmond, 

Myers and Namuli, 2018; Nastar et al., 2019) at the expense of vegetation cover 

(Kiggundu et al., 2018) represented by LCZ3_F (compact low rise with bare soil 

surfaces) in this study. Informal settlements cover one-quarter of the city (Richmond, 

Myers and Namuli, 2018) and are home to c.70% of Kampala’s population (Nastar et 

al., 2019). Informal settlements in Kampala exhibit high levels of poverty, inequality 

and vulnerability, in terms of sanitation and water access (Richmond, Myers and 

Namuli, 2018). Whilst water and sanitation are critical indicators of vulnerability in 

Kampala (Richmond, Myers and Namuli, 2018), our findings on the climate regulatory 

role of vegetated areas strongly suggest that proximity and access to green-

infrastructure are equally vital for evaluating vulnerability in African cities as previous 

studies  have suggested (Pauleit et al., 2015). Moreover, vegetation in cities has 
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multifunctional benefits in addition to climate regulation that include: provision of 

shade (Li, Ratti and Seiferling, 2018), control of storm water flow (Berland et al., 2017), 

air quality enhancement (Soares et al., 2011) and aesthetic attributes related to stress 

reduction (Jiang, Chang and Sullivan, 2014; Carrus et al., 2015; Triguero-Mas et al., 

2015). The profound potential of vegetation for improving urban ecosystem functions 

in developing cities where other forms of infrastructure are underperforming (Lindley 

et al., 2015) justifies initiatives aimed at provision of green-infrastructure and 

revegetation. Such undertakings should most focus in densely populated informal 

settlements that have low vegetation cover and high levels of vulnerability. 

Given that the physical extent of the area used for the analysis (c. 1260 km2) covered 

Kampala greater metropolitan area and stretched to the unurbanised areas, the 

findings of this study are beneficial for urban planning related to future developments 

and safeguard the provision of ecosystem services. The horizontal growth of Kampala in 

recent decades is expected to continue under current projections of up to 13 million 

inhabitants by 2040 (World Bank, 2016). The most vegetated urban form types that 

cover the periphery of present-day Kampala (Sparsely built and scattered tree LCZ 

types) will most likely house the growing population in a way similar to the observed 

patterns of urban growth in the past decades (World Bank, 2016). Given that the 

recent increase in the extent of informal settlements that constitute the compact low 

rise (low vegetation cover) LCZ3_F category has typified recent urban growth in 

Kampala, anticipated growth of the city might take on a similar pattern. The projected 

loss in vegetation cover and significant reduction in the provision of ecosystem 

functions might further intensify the UHI intensity within Kampala. Therefore, urban 

planning aimed at provision of ecosystem services in light of the growing population is 

much needed.  

The application of the LCZ framework for integrating climate-sensitive urban design 

into local planning is a promising approach for rapidly urbanising cities in SSA as has 

been explored for Colombo, Sri Lanka (Perera and Emmanuel, 2018). For example, a 

development scenario towards more open low rise (LCZ 6) than compact low rise with 

bare soil (LCZ3_F) would ensure the provision of ecosystem services associated with a 

higher vegetation cover. Finally, while planning practices to date have often been 
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undertaken independently by the different administrative units constituting Kampala 

greater metropolitan area, the impetus for an integrated landscape and urban 

planning strategy covering greater Kampala is essential for sustainable urbanisation. 

7.4 Strength and limitations 

7.4.1 Strengths 

The main strength of this study was the ability to use both remote sensing and in-situ 

field observations and monitoring to complement one another in the understating of 

urban climatic and phenological processes in a tropical city.  

A vital feature of this study was the empirical approach used that generated a 

considerably large data set. The nature of the study involving in-situ measurements as 

opposed to laboratory experiments strengthens the relevance and generalisation of 

these findings in the real world. Moreover, the selection of a wide of range of sites 

within the city highlighting the heterogeneous nature of cities as opposed to using an 

urban-rural dichotomy depicts the continuum of urban climate and phenological 

processes. Moreover, the uniqueness of this study as the first one of its kind to employ 

the LCZ framework for examining phenology in urban environments gives a robust 

methodological foundation for future studies. Equally, the application of statistical 

modelling to examine urban climate and phenology at high temporal scales and 

determination of quantitative attributes of predictor and response variable form a 

strong foundation for the application of these findings in the real world by 

policymakers and urban planners. 

The study provides significant new findings in the field of phenology related to tropical 

urban environments which more generally have been under-researched in comparison 

to temperate climates. The findings are relevant for the formulation of policies for 

sustainable urbanisation in tropical developing countries where urbanisation is taking 

on forms that are different from classic urbanisation in the global North. Moreover, 

the consequences of the current urbanisation practices in tropical developing 

countries are still understudied and poorly known. 
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7.4.2 Limitations 

Inevitably, this research had some limitations. This study examined the phenological 

processes of only four out of ten other LCZs. Therefore, the nature of the phenological 

processes inherent to other local climate zones of the study site is yet to be 

determined. However, given that the candidate local climate zones used in this study 

highlighted a continuum of urbanisation intensity with some of the most and least 

built examples, the findings are meaningful for inferring the phenological patterns of 

LCZs not covered under the scope of this study. This study focused on the surface 

characters of cities and therefore ignored the potential influence of other variables 

such as sky-view factor associated with the 3-dimensions of cities or the building 

materials that affect albedo. Equally, the Influence of wind and precipitation were 

undetermined in this study. 

7.5 Research recommendations 
This study has provided evidence for the occurrence of urban-induced climate and 

phenological differences in a tropical city with a tropical rainforest climate type. There 

remains a need for further empirical enquiries into the phenological processes in 

different tropical climate types and cities that take on different morphologies in 

comparison to Kampala. Based on the findings of this study, some recommendations 

for future research can be made. 

Urbanisation across the African continent is associated with very high rates of de-

vegetation (Lindley et al., 2015; Yao et al., 2019), yet the urban population is expected 

to grow three-fold from c.400 million presently to 1.26 billion by 2050 (United Nations, 

2014). The combined effect of rapid urbanisation and high de-vegetation is an 

increased risk and exposure to the hazards associated with urbanisation and climate 

change. However, present-day knowledge on urban ecology is very limited in Africa as 

evidenced by a small number of  studies on urban climate (Roth, 2007), green spaces 

and densification (Haaland and van den Bosch, 2015) and ecosystem services of 

vegetation cover (Cilliers et al., 2013; du Toit et al., 2018). A more extensive range of 

exemplar studies on urban climate, green spaces and phenology that cover the scope 

of differences in tropical climate types and urbanisation practices in African cities is 

needed to strengthen the existing knowledge and scientific foundation for policy 
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transformations that aim for sustainable urbanisation. Moreover, long term studies in 

tropical African cities ought to be undertaken to track climate through time and 

separate the effects of urbanisation from climate change on local climate and the 

consequences for ecological processes associated and ecosystem functions. 

The influence of vegetation cover on tropical urban climate often assumes that 

vegetation cover is static through time. Based on the findings of this study, however, 

tree canopy cover evolves as a result of local climate, and this might feedback on the 

local climate. Future research, therefore, ought to examine the influence of temporal 

changes in canopy cover on local urban climate, and the feedback responses of 

phenology on urban climate. 

A lot of the attention of urban climate studies in tropical urban environments has 

focused on temperature and UHI phenomena. Relative humidity which determines 

human thermal comfort (Hass et al., 2016; Yang, Ren and Hou, 2017), pollutant load 

(Lou et al., 2017; Zalakeviciute, López-Villada and Rybarczyk, 2018), spatial patterns of 

soil moisture and phenology remains understudied. Future research in tropical 

environments ought to examine the spatiotemporal patterns of relative humidity and 

their relationship with other urban climatic variables and phenology in different 

tropical cities and tropical climate types. 

Considering the vital role water availability plays in the determination of spatial 

differences in urban climate, future research seeking to understand the effect of the 

UHI on ecological processes in cities ought to account for the differences in soil 

moisture. To achieve this would require sampling and monitoring strategies that 

overcome the challenges posed by urban environments concerning heterogeneity in 

soil types, soil compaction and soil depth and the depth of the water table and the 

associated seasonal changes. Linked to the temporal changes in water availability is 

the surface energy balance for which there is minimal knowledge in the context of 

tropical cities. 

Surface Energy Balance (SEB) in urban environments incorporate aspects of direct solar 

radiation, latent heat, sensible heat, energy flux storage, anthropogenic heat and the 

horizontal advective flux (Oke, 1988). In tropical urban environments, however, there 
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are only two longterm (> 1 year) SEB studies, indicating a general lack of information 

about the dynamics of SEB, anthropogenic heat release and the relationship between 

UHI and energy flux storage (Giridharan and Emmanuel, 2018). This knowledge gap has 

mainly been attributable to instrumentation difficulties, cost and long-term 

commitment for undertaking monitoring (Giridharan and Emmanuel, 2018). As such, 

future research ought to investigate SEB to fully understand tropical UHI and urban 

climate phenomena in different climate types and cities. 

The LCZ framework is increasingly being adopted for urban climate research because 

of its numerous advantages, including universal applicability across cities with different 

urbanisation practices. However, designation of an LCZ class to a given zone with 

homogeneous land cover composition requires that the zone has a minimum radius of 

200 m. The usage of the LCZ framework is thus challenging in highly heterogeneous 

areas within cities where considerable differences in landcover composition occur in 

areas of a radius less than 200 m. The intrinsic land cover and structural characteristics 

of each unit zone smaller than the recommended minimum unit size of an LCZ can be 

used for attribution to local climate to overcome this challenge as was approached in 

this study. Future research into the characterisation of urban form using the LCZ 

framework ought to explore the feasibility of adjusting the LCZ classification for cities 

or areas within cities that have heterogeneous urban form. 

Although this study focused on only four local climate zones, there was sufficient 

evidence of phenological differences linked to the structural differences of the LCZs 

and the associated Surface UHI differences. Future research ought to investigate the 

phenological patterns of other LCZs not covered under the scope of this study in 

tropical cities. Equally, LCZs might be meaningful for phenological characterisation in 

temperate regions, where no phenological studies have thus far been undertaken 

using LCZs. Furthermore, although the current usage of LCZs was mainly for landscape 

phenological processes, the LCZ classification could be adopted for phenology of 

individual species. 

Herbaceous plants are more sensitive to microclimatic variations than trees (Mimet et 

al., 2009) and trees equally vary in their sensitivity to local environmental settings 
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(Williams et al., 1997) as was observed for the two deciduous species in this study. 

Furthermore, landscape phenological patterns that encompass the wider phenological 

signal of all vegetation types combined irrespective of species and plant functional 

type were observed along a gradient of urbanisation. A strong case is made for future 

research into the sensitivity of the phenology of individual plant functional types 

(including grasses, herbs and shrubs) and evergreen trees species to urban 

environments. Furthermore, the sensitivity of other pheno-events such as flower and 

fruit development in tropical cities is an area for future research. 

Other than the UHI intensity, phenology has been observed to be affected by non-

climatic aspects of urban environments that vary along an urbanisation intensity 

gradient such as air pollutants (Jochner et al., 2015) and nutrient availability (Jochner, 

Hofler, et al., 2013). However, this phenomena has so far only been investigated 

temperate cities, and there is limited knowledge about the influence of non-climatic 

aspects of urban environments on phenology in tropical cities. 

Near-surface remote sensing phenology through the use of optical and radiometric 

sensors above the ground (50 m or less) to quantify changes in the land surface 

(Richardson, Klosterman and Toomey, 2013; Brown et al., 2016; Alberton et al., 2017) 

characterises landscape phenology in a way similar to satellite remote sensors. Near-

surface remote sensing is a novel and promising technique that bridges visual 

observations (organism scale) and satellite-based phenology (landscape scale) with 

numerous advantages that overcome the limitations associated with visual 

observations and satellite remote sensing. These include quantification of both 

seasonal greening and other pheno-events like flowering and fruiting; ease of 

separation of properties of canopy structure (Leaf Area Index) and canopy function 

(photosynthetic activity); and a reasonably high spatial and temporal resolution. 

However, the application of near-surface remote sensing is mostly limited to natural 

environments, and no studies have thus far used near-surface remote sensing in 

tropical urban environments. Future research ought to integrate all three approaches 

for a full appreciation of the effects of urbanisation on phenology in tropical cities. 
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APPENDIX I 

 

Figure AI 1: EVI scores in the select LCZ types used for the analysis depicting surface cover differences 
across LCZs (EVI> 0.2 depicts vegetation cover and EVI<0.2 represents vegetated surfaces. 

 

 

Figure AI 2 shows surface cover differences along the urban rural gradient depicted by EVI. Each unit 
of Distance (Dist_250) is equivalent to 250 m with mean SE bars 
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Figure AI 3: Land Surface Temperature differences (°C) between LCZ across different years with mean 
SE bars 

 

 

 

Figure AI 4: Land Surface Temperature differences (°C) between LCZ in 2015 that had the weakest 
differences between years with SE bars 
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Figure AI 5 shows Land Surface Temperature differences (°C) along the urban rural gradient across 
three years used in the analysis. Each unit of Distance (Dist_250) is equivalent to 250 m with mean SE 
bars 

 

Figure AI 6 shows differences in the Length of season between the LCZ across different years with 
mean SE bars 
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Figure AI 7 shows differences in the timing of start of season between the LCZ across different years 
with mean SE bars 

 

 

Figure AI 8 shows differences in the timing of end of season between the LCZ across different years 
with mean SE bars 
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APPENDIX II 

 

Figure AII 1: Approach used in the classification of urban form around all 22 sites (including 9 sites for phenology) used for spatial temporal characterisation of urban 
climate at a microscale 
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Figure AII 2: Proportion of man-made features (Buildings and paved surface) at Locations 1-6. The sensors location is represented by a red place mark. The locations 
with a green background (on the location name) were used for phenology of trees. Jacaranda and Tabebuia tree locations are represented by green and pink points on 
the map 
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Figure AII 3: Proportion of man-made features (Buildings and paved surface) at Locations 7-12. The sensors location is represented by a red place mark. The locations 
with a green background (on the location name) were used for phenology of trees. Jacaranda and Tabebuia tree locations are represented by green and pink points on 
the map 
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Figure AII 4: Proportion of man-made features (Buildings and paved surface) at Locations 13-18. The sensors location is represented by a red place mark. The locations 
with a green background (on the location name) were used for phenology of trees. Jacaranda locations are represented by green points on the map 
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Figure AII 5: Proportion of man-made features (Buildings and paved surface) at Locations 19, 22, 22B, 23 & 23B. The sensors location is represented by a red place mark. 
The locations with a green background (on the location name) were used for phenology of trees. Jacaranda and Tabebuia tree locations are represented by green and 
pink points on the map 
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Figure AII 6: Dendogram showing clustering of the phenology sites based on urban form data. The location names have a prefix (“L”). Local  Climate Zones were assigned 
to the  
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APPENDIX III 

 

Figure AIII 1: Images of Jacaranda mimosifolia. The tree has compound bi-pinnate leaves, purple flowers and green seen that explodes and turns brown as it matures 
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Figure AIII 2: Images of Tabebuia rosea (common name: Pink Trumpet tree). The tree has got digitate leaves and pink “tumpet-like” flowers 
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Figure AIII 3: Histograms showing Diameter at Breast Height (cm) of trees at each of the nine locations.
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APPENDIX IV 

 

Figure AIV 1: Temporal change (March to September 2017) of canopy cover (%) of Tabebuia and 
Jacaranda trees pooled across all phenology locations in Kampala using a loess model. The yellow 
band to the left shows the main rain season (March-May), whereas the second band (to the right) 
highlights a mild rain season. See 221 for a detailed image of rainfall ditribution
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Figure AIV 2: Rainfall distribution and number of rainfall days in each month in Kampala. The yellow band represent the rain seasons 
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Figure AIV 3: Differences in temporal change of Jacaranda trees between heavily built and lightly built 
locations using a loess model. The AUCs (Area Under the Curve - indicator of leaf loss) of individual 
trees had a negative and significant correlation (green) with impervious surfaces, suggesting that trees 
in heavily built neighbourhoods experienced high leaf loss. 
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Figure AIV 4: Differences in temporal change of Tabebuia trees between heavily built and lightly built 
locations using a loess model. The AUCs (Area Under the Curve - indicator of leaf loss) of individual 
trees had a negative correlation with impervious surfaces, suggesting that trees in heavily built 
neighbourhoods experienced high leaf loss. 
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Figure AIV 5: Temporal change of canopy cover at each one of the phenology locations 



 

225 
 

 

 

 

Figure AIV 6: Cluster analysis of temporal change of canopy cover of Jacaranda trees showed that the most built up locations (One, Two and Thirteen) had relatively 
similar time series 
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Figure AIV 7: Cluster analysis of temporal change of canopy cover of Tabebuia tree showed that the most built up locations (One, Two and Thirteen) had relatively 
similar time series
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APPENDIX V 

 

Figure AV 1: Temporal change of surface moisture at the phenology sites. Red and green lines have 
been added for reference to points indicating maximum and minimum surface moisture
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Figure AV 2: Daily maximum night time temperature at 22 urban climates sites across a 50 day period. NDVI score is used to represent the site characteristics, with the 
highest NDVI scores indicating high vegetation cover in a given location. Green and red vertical lines represent the highest (32°C) and lowest (18°C) mode temperatures 
at locations fifteen and Eighteen respectively. The black line is the mode across all sites. The nine phenology sites are encircled 
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Figure AV 3: Daily average night time temperature at 22 urban climates sites across a 50 day period. NDVI score is used to represent the site characteristics, with the 
highest NDVI scores indicating high vegetation cover in a given location. Green and red vertical lines represent the highest (23°C) and lowest (21°C) mode temperatures 
at locations fifteen and nineteen respectively. The blackline is mode across all sites. The nine phenology sites are encircled 
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Figure AV 4: Daily average relative humidity at 22 urban climates sites across a 50 day period. NDVI score is used to represent the site characteristics, with the highest 
NDVI scores indicating high vegetation cover in a given location. Green and red vertical lines represent the highest (77%) and lowest (67%) mode relative humidity at 
locations Nineteen and Four respectively. The black line represents the mode across all sites. The nine phenology sites are encircled. 


