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CHAPTER 1: INTRODUCTION 

 

 

In the face of a changing climate, Maldives bears witness to a clear reality: maximum 

temperatures for the capital Male’ have been increasing at an average annual increase of 

0.17°C, while rainfall experienced a significant decrease of approximately 2.7mm per year 

since 1998 (Ministry of Environment, Climate Change and Technology, 2020). Projections 

with a high level of confidence point to a future of continued rise in temperature, with an 

estimated rise of 1.5°C in annual maximum daily temperature by 2100 (Ministry of 

Environment, Energy and Water, 2007). What was once regarded as a rare occurrence, a 20-

year event with a maximum temperature of 33.5°C is anticipated to become much more 

common, recurring every three years by 2025 (Ministry of Environment, Energy and Water, 

2007). 

The recent IPCC Assessment Report (AR6) reinforces the growing concern: South Asia 

(including the Maldives), is set to experience an escalation of humid heat stress, with more 

severity and frequency (Simath and Emmanuel, 2022). By exploring the dynamics of heat and 

humidity, scholars have identified that as we navigate towards the end of the century, 

significant portions of the planet may become inhospitably hot and humid for human 

thermoregulation (Matthews, 2018). While more optimistic scenarios offer some respite from 

such outcomes, the implications for society remain grave, particularly as densely populated 

low latitude regions emerge as highly vulnerable from a humid heat standpoint (Matthews, 

2018).  

Despite this, research on thermal comfort trends in this area is limited (Simath and Emmanuel, 

2022), with Mahar et al., (2019) proceeding to state that such studies for South Asia including 

the Maldives, are ‘significantly rare’. One recognized connection in the region however, is the 

connection between heat stress and urbanization. Urbanization, when coupled with the effects 

of climate change, influences urban heat stress and exposure and the need for adaptive 

measures (Yang, Zhao and Oleson, 2023), and its rapid pace has contributed to a rise in deadly 

heat exposure (Lohrey, 2021). 

The climatic implications of urbanization are followed by a phenomenon known as the urban 

heat island (UHI) effect (Emmanuel, 2010). Oke (1987) defines this as a phenomenon in which 

‘cities are warmer on average than surrounding rural areas’. While the urban heat island effect 
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may have positive and/or negative aspects in temperate climates, its influence on equatorial 

tropical climates is predominantly negative (Emmanuel, 2010). 

Whether Male' experiences a UHI effect will depend on several factors, including the extent 

and density of urbanization, the type and amount of vegetation, the local meteorological 

conditions, and several others.  

 

1.1.  Rationale 
 

According to Kotharkar, Ramesh and Bagade (2018) there was an absence of any published 

UHI research on the Maldives by 2018. Therefore, to determine if Male' experiences a UHI 

effect, a systematic temperature measurement campaign is required. 

Any impacts of UHI has the potential to affect most of the Maldivian population because over 

one-third of the population (41%) live in the capital region of greater Male’ (Maldives Bureau 

of Statistics, 2023). Most of the economic and commercial activities in the country are based 

in the central region, particularly in the heavily urbanized city of Male'; and in order to 

accommodate even more people and urban activities in the area, the Government of Maldives 

prioritized the Hulhumalé Land Reclamation and Development Project.  

To address the pressing question of where to best apply cooling interventions to maximise 

benefits in a warming climate, we require an approach to facilitate an understanding of how 

the built environment impacts urban heat at a local level (Pfautsch, Wujeska-Klause, and 

Walters, 2023). There is particular significance in focusing it to scales which are directly 

relevant to the day-to-day human experience, which is a change from the conventional 

projections for regional temperatures (Pfautsch, Wujeska-Klause, and Walters, 2023).    

In Maldives, climate plays a major role in influencing present and future policies. The National 

Climate Change Research Strategy recognizes that existing knowledge primarily focuses on a 

regional level and that there was an importance of understanding the implications at a city or 

country level (Ministry of Environment and Energy, 2015).  

Although UHI mitigation strategies have had limited influence on existing urban development 

policies and action plans to date (Parsaee et al., 2019), there is an urgent need to pursue the 

mitigation of urban warming hand in hand with policies that address global warming (Simath 

and Emmanuel, 2022). In order to provide the theoretical support for climate-conscious urban 

development, intra-urban climate characterizations are required, and that is what this study 

aims to undertake.   
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1.2 Aim and Objectives 
 

Investigate urban heat islands and heat risks in greater Male’ region, integrating climate change 

impacts in mitigation strategies to enhance urban resilience and inform sustainable urban 

planning.  

Objectives:  
 

-  Map the temperature variations across different urban areas 

-  Identify the factors contributing to the formation and intensity of the urban heat island 

and heat risks 

- Analyse the potential impacts of climate change on the heat risk in urban areas 

- Identify interventions to mitigate UHI and minimize associated heat risks 
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CHAPTER 2: LITERATURE REVIEW 

 
 
The purpose of this literature review is to establish a link between the key findings from 

existing UHI studies and its relevance to the Maldivian context. It serves to support the thesis 

objectives and rationale through literature and provides an understanding of the reasons 

underlying the research design and methodology. 

Therefore, the process began with using the research question as a means to identify keywords 

and phrases which enabled a search across multiple databases to locate relevant studies. The 

abstracts were used to screen the most relevant studies and a slightly modified evaluation 

framework by Stewart (2011) helped to assess their quality. Afterwards, data was obtained 

from selected papers and compiled into a logical flow of information under three themes: the 

role of weather conditions possibly influencing UHI in the Maldives, the role of urban 

morphology in UHI mitigation and adaptation, and a comparison of UHI investigation 

techniques.  

A statistical trend analysis of UHI literature from 1990 to 2017 by Wu and Ren (2019) reveal 

that while the 1990s and 2000s saw the most papers published in journals relating to 

atmospheric sciences and meteorology; this has been replaced by building-related journals 

occupying the top two spots in terms of publishing UHI research in the 2010s. The authors 

suggest that this shift in focus could be attributed to the transition of research from UHI 

investigation to human influence. It might also be attributed to the fact that UHI researchers 

are increasingly conducting smaller, neighborhood scale studies, which focus on integrating 

climatic considerations into urban design with an emphasis on public health. The themes of 

this literature review were categorized with these trends mind.  

 

2.1 The role of weather conditions influencing UHI 
 

UHI is widely documented as a human induced condition. It is known as a phenomenon where 

cities, the product of dense human settlement, are on average warmer than the surrounding 

rural areas. But this phenomenon can be also influenced by meteorological conditions including 

solar radiation levels (Oke, 2002), cloud coverage (Anjos and Lopez, 2017), precipitation 

(Chow and Roth, 2006), humidity (Zhao et al., 2014) aerosol dispersion (Stanhill and Kalma, 

1995) and wind patterns (Oke, 1973).  
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UHI literature demonstrates that wind has the potential to reduce UHI intensity, either through 

dissipation of urban heat when subjected to cooler winds that mix with warmer urban air or 

wind speed and pressure (He, 2018). It has been established that UHI impacts could be 

effectively reduced as long as wind speed reaches a threshold depending on the population size 

(Park, 1986; Oke, 1973). Hence a city with a smaller urban population would require a lower 

wind speed to minimize the UHI intensity and vice versa.  

For instance, if the wind in a populous city such as London reaches a speed of 12m/s, He (2018) 

suggests it can completely mitigate the UHI in the city of 8.5 million. Going by population 

estimations in He (2018), a city the scale of Male’ would require 4.6-6 m/s winds to eliminate 

the UHI. Given that the long term (1975-2017) average windspeed in March recorded at 

Hulhule Airport was between 4-8 m/s (Maldives Meteorological Service, 2019), and given the 

small, flat landmass of Male’, there is a high chance that winds would exert an influence on 

both urban thermal comfort and intra urban air temperatures.   

Despite this, the direction of wind also plays a key role in determining whether the cooler winds 

can flow through the urban structures or are impeded by it. For example, in Crete, Greece, the 

north sea breeze was obstructed by old Venetian walls and therefore the UHI was found to be 

higher than when the island experienced westerly winds of the same speed, which blew freely 

and reduced the urban temperature comparably (Kolokotsa and Karapidakis, 2009). Maldives 

also experiences a reversal of monsoonal winds (Su et al., 2021) and this characterizes its two 

seasons (Figure 1). The Northeast Monsoon from January to March (dry season), where the 

winds blow northeast towards southwest, and blows in the opposite direction in the Southwest 

Monsoon from mid-May to November.  

 
Figure 1: Map illustrating the reversal of the monsoonal winds (Stainbank et al., 2019). The 
Northeast monsoon wind direction is in red and the Southwest direction is in blue. WICC is 
the West Indian Coastal Current, WMC is the Winter Monsoon Current, SMC is the Summer 
Monsoon Current and EICC is the East India Coastal Current (Stainbank et al., 2019) 
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The warmest months are typically between February and April with 10 to 11 hours of sunshine; 

consequentially these are also the periods with the least amount of rainfall. Central atolls, such 

as the location of interest in this research receive an average of 1,966 mm of rainfall annually 

(Maldives Meteorological Service, 2019). Some studies have found that precipitation reduces 

the impacts of temperature and consider it a regulating factor for heat stress during rainy 

seasons (Chow and Roth, 2006; Arifwidodo and Tanaka, 2017).  

A positive relationship between rainfall and relative humidity (RH) is consistent with the 

monthly RH percentages for Male’ in 2007. Mahlia and Iqbal (2010) highlights an increased 

RH during the months with most rainfall in Figure 2, where it is evident that the RH in Male’ 

was consistently above 70%, which leads us to infer that the high RH levels in the country 

could play a role in UHI intensity. This is also inferred from studies such as where Zhao et al., 

(2014) reports that higher humidity intensifies the humid-heat stress where generally, humidity 

levels above 60% are considered high.  

 
 
 
 

 

 
 

 

 

 

 

 
Figure 2: Average monthly percentage relative humidity for Male' (Mahlia and Iqbal, 2010) 

 

Figure 3 illustrates the monthly temperatures, precipitation, and cloud cover by day and night 

and Figure 4 compares the average RH of Maldives with its average temperature. These charts 

corroborate the earlier theory of an inverse relationship between rainfall and temperature, 

where an increased amount of rainfall results in a decreased temperature. 
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Figure 3: Average monthly temperatures and precipitation for Male' (Hikersbay, 2023) 

 

As a low-lying equatorial country, the air temperature does not greatly fluctuate and averages 

between 25°C to 32°C. Despite this, a record low of 17.2°C was measured in April 1978 

(Mahlia and Iqbal, 2010), and more recently a low of 18.2°C was measured in northern 

Maldives in December 2002 (Maldives Meteorological Service, 2019); however, this is 

typically uncommon.  

 

Figure 4: Comparison of average temperature and relative humidity in Maldives in 2007 
(Mahlia and Iqbal, 2010) 
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Circling back, since we note that an increase in precipitation also amplifies humidity, which 

then exacerbates the heat risk. A relevant question arises regarding the extent to which either 

of these factors influence the UHI in Male’, and which of them is the primary factor, or whether 

it is a combination of all.   

Oke (2002) and Yow (2007) infer that the presence of tropical clouds could be an additional 

factor. Taking into account the climatic conditions of the case study, it is worth noting that He 

(2018) highlights that in very high temperatures the cloudiness might in fact worsen the UHI, 

because while clouds act as a barrier and block the incoming long-wave radiation, they can 

also trap the lower long-wave radiation.  

Adding to the parameters above, suspended particles or aerosols such as vehicle dust and sea 

spray can also make an impact especially at a local scale to reduce the UHI. In Hong Kong, 35 

years of data was analysed by Stanhill and Kalma (1995) who concluded that industrial aerosols 

contributed to 33% decrease of short-wave radiation. Similarly a study in Mexico City also 

determined that 22% of short wave could be reduced by air pollution (Jáuregui and Luyando, 

1999). In contrast this could be neutralized by the opposing effects of greenhouse gases such 

as carbon dioxide, nitrogen oxides and methane which enhance long-wave absorption (Stanhill 

and Kalma, 1995). Thus, a possible correlation between UHI and air pollution in Male’ could 

be explored in the future to understand the local interplay. 

Regionally, it has been established that Maldives is affected by transboundary air pollution 

from the subcontinent. Highest levels of haze were observed in the Northeast monsoon, where 

over 90% of PM2.5 contribution in Male’ was long-range pollution (Budhavant et al., 2015). 

While the impact of haze on UHI is not decisive, existing literature currently mainly reports an 

intensification of UHI (He, 2018). 

 

2.2 Urban morphology in UHI mitigation and adaptation  
 

The significance of urban morphology in the formation of UHIs has been stressed in literature 

(Boukhabla, Alkama and Bouchair, 2013; Alobaydi, Bakarman and Obeidat, 2016; Liu et al., 

2021) and therefore its role in UHI mitigation and adaptation is fundamental. Male’ and 

Hulhumale’ surrounded by the sea, presents an opportunity to study the effect of city growth 

in finite boundaries and to validate this by investigating how street shapes, sizes and features 

relate to the urban micro-climate; leading to insights on how spatial characteristics of streets 

can be utilized to mitigate UHI (Datta, Nash’ath and Chang, 2016).  
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Features of the built environment, such as density (Cecinati et al., 2019) and land cover 

(Emmanuel, 2003) impact processes such as the production of anthropogenic heat, thermal 

energy retention and evapotranspiration which in turn, influence UHI (Zhao et al., 2014). This 

built environment and increased urbanization leads to an increase in concrete surfaces, which 

then reduces evapotranspiration rates due to lack of green and pervious surfaces.  

According to Sun (2011), increasing the amount of vegetation to a green ratio greater than 35% 

and decreasing building density, cools down the temperature in a street canyon. The percentage 

of parks and open green spaces zoned in Male’ city is 6% (Male’ City Council, 2019), and 

since this figure does not account street trees or private greenery; the street green ratio in Male’ 

has yet to be calculated.  It is interesting to note that in an investigation comparing the cooling 

effects of urban green spaces and water bodies, green spaces were found to have a larger impact 

(Qiu et al., 2017). Nevertheless, in neighboring Colombo for example, proximity of the city to 

the sea was a main variable in influencing its urban climate (Emmanuel and Johansson, 2006), 

suggesting that the impact of green spaces can vary across cities and climates.  

Besides, it is important to recognize the limitations of green infrastructure, especially in very 

humid tropics where simply employing a greening approach might be insufficient to 

significantly improve outdoor thermal comfort during the day (Stepani and Emmanuel, 2022), 

which is not to say that adding trees in certain areas would not provide an extra degree of 

comfort on the street. Of further relevance here is that Stepani and Emmanuel (2022) indicate 

that cooling provided by green infrastructure in highly compact or dense cities is negligible. 

This is a point to consider, in light of Male’ being among the densest urban areas in the world 

(Fallati et al., 2017). In such situations, urban form-based shading approaches are encouraged 

(Stepani and Emmanuel, 2022).  

Akbari and Kolokotsa (2016) went through three decades of UHI mitigation technologies, and 

in addition to identifying using green technologies to increase evapotranspiration, the review 

identified increasing albedo or solar reflectance as a promising approach. This can be 

accomplished by using ‘cool’ materials which reflect high amounts of solar radiation as 

building materials and pavements, to keep these surfaces cool. Given that paved surfaces are 

commonly recognized as a main driver of UHI (Acosta et al., 2022) what are the implications 

of the fact that roads and residential built areas make up a total of 70% of Male’ city's land use 

(Male’ City Council, 2019)? 
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2.3 UHI investigation methodologies 
 

Traditionally, heat island studies aimed to ‘observe and monitor its climatology’ (Stewart and 

Mills, 2021), and determining the UHI often involved comparing the differences in minimum 

temperature between urban and rural settings (Morris and Simmonds, 2000). In order to 

observe the UHI phenomenon, various methodologies are currently utilized including remote 

sensing techniques (Voogt and Oke, 2003; Chen, Jiang and Xiang, 2016), modelling techniques 

(Xing, Jones and Donnison, 2017; Zhu, Dong, and Wong, 2022) and mobile traverse studies 

(Acosta et al., 2022).  

For instance, remote sensing uses aerial and satellite images to gather temperature data at 

different resolutions (Voogt and Oke, 2003). The advantages of this method are that it gathers 

plenty of data and covers a large spatial area simultaneously, which makes it effective to study 

UHI (Liu and Li, 2018). It is also consistent and replicable, making it ideal to study temperature 

changes globally over time (Kapiri et al., 2023). Nevertheless, there are some limitations to 

remote sensing in UHI studies, caused by unfavorable weather conditions like cloud cover, fog 

or rain which can result in data gaps (Lampert et al., 2016). Satellite-based sensors also record 

land surface temperatures and not canopy level air temperature, which remains a key parameter 

in UHI investigations (Azevedo, Chapman and Muller, 2016). Therefore, while remote sensing 

is a powerful tool, it is important to consider its limitations when analyzing the results in UHI 

studies.  

Various models have also been utilized to investigate UHI, such as tools which range from the 

building scale to the meso-city scale (Xing, Jones and Donnison, 2017), and to spatial 

regression models (Zhu, Dong, and Wong, 2022). Biggart et al. (2021) reports that 

incorporating urban canopy models into regional-scale climate models is a popular approach, 

and this has been shown to successfully simulate the UHI and its impacts (Masson, 2006). 

Hence models are extremely valuable tools, especially when tested against field observations 

(Velasco, 2020). However, the shortage of traditional meteorological measurements in urban 

areas have been an ongoing challenge to the use of models in this field (Johansson et al., 2014).  

Despite the above, and while research on UHI has evolved beyond measurement and analysis 

and towards focus on mitigating the UHI effects; measurement methods remain a crucial 

consideration for research in this field (Sun, Kato and Gou, 2019) and the period 2016-2021 

saw a significant body of literature published on mobile traverse studies (Acosta et al., 2022). 
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Air temperature readings obtained from mobile traverses may offer a more accurate 

representation of the built environment than measurements obtained from official 

meteorological stations (Pfautsch et al., 2023). Even though the climatic description of the city 

relies on such fixed stations, they are usually located in an airport away from the most 

urbanized areas, and is therefore not indicative of the city itself (Shih and Kistelegdi, 2017). 

GPS mobile observations coupled with automatic ground monitoring stations is a 

straightforward and cost-effective method of monitoring UHI in developing countries (Bai, 

2002) such as the Maldives. Since there has been no UHI studies on Maldives conducted to 

date (Kotharkar, Ramesh and Bagade, 2018), mobile measurements are a feasible, and 

replicable method to conduct the first UHI studies to establish a baseline. 

Consequently, while selecting an appropriate UHI investigation methodology is important to 

accurately assess the intensity and extent of the urban heat island effect; the above literature 

suggests that there might not be a universally optimal method. It seems that the choice of 

methodology depends on factors such as research objectives, scale of study and available 

resources because this influences the accuracy, resolution and reliability of each approach.  

Findings suggest that the mobile traverse technique is appropriate and suited for this research, 

not only owing to several constraints such as limited time and resources, but also due to its 

practicality and potential to be easily replicated in any future studies across the country. 

 

2.4 Knowledge Gaps 
 

Considering the absence of previous UHI or thermal comfort studies in the Maldives, there is 

potential to concentrate future research in the field. Some specific ideas include investigating 

the relationship between monsoonal winds and UHI in the greater Male’ region during the two 

monsoons, and its implications in architecture and land-use planning. This absence also 

suggests a knowledge gap in identifying the specific factors within the built environment that 

contribute to urban heat and their effects on the local climate. 

The Ministry of Environment and Energy (2015), in its National Climate Change Research 

Strategy highlights a gap in terms of translating regional climate knowledge into actionable 

policies and strategies specific to urban areas or the entire country, because the current 

knowledge primarily focuses at a regional level. As a result, there is a lack of effective 
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integration of UHI or heat stress mitigation measures into urban development policies and 

strategies. 

In conclusion, it appears that while defining urban heat islands may be straightforward; 

pinpointing their exact cause may be complicated, since UHI can be influenced by both local 

factors such as population and large-scale climatic conditions such as wind. Given that the 

climate is beyond control, literature emphasizes considering the built environment and surface 

characteristics in urban policies as viable ways to influence the UHI. 
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CHAPTER 3: METHODOLOGY  
 
 
3.1 Research framework 

 

The research framework adopts a positivist philosophy and a deductive approach for theory 

development. The deductive approach, as described by Baker (2000), uses existing theories to 

create testable hypothesis, which makes it suitable for the purposes of this research. Given the 

findings of the literature review, a correlation can be made between thermal comfort and 

various factors such as the built environment, surface attributes and local climate.  Building on 

this theory, this research aims to test the hypotheses whether the greater Male’ region - with its 

significant urban density and warm climate - indeed exhibits notable UHI effects, and whether 

the specific land use and form in the city contributes to the heat risks. These hypotheses also 

strengthen the research rationale and lays the groundwork for the research framework.  

Meanwhile positivism, as described by Park, Konge and Artino (2020) emphasizes using 

quantifiable data obtained from direct measurements or observations. In line with this, the 

primary basis of this study lies in conducting mobile surveys using equipment on pre-planned 

routes known as a ‘transect’, as a replicable approach to estimate urban temperatures in any 

region. The proposed methodology (Figure 5) is based on the overarching framework 

developed by Rodríguez et al. (2020a) where the research design employs a mixed-methods 

approach, combining quantitative techniques such as temperature measurements and statistical 

analyses, with qualitative methods such as document analysis.    

While numerous studies have utilized mobile monitoring campaigns to investigate the UHI 

phenomena, the method by which these studies selected the routes have differed (Rodríguez et 

al., 2020a). For instance, Rajkovich and Larsen (2016) chose routes based on diverse land 

covers, topographies, and paving types using a random number table for selection, Tsin et al. 

(2016) chose them based on criteria such as population density, average household incomes 

and pre-estimated air temperatures, Yadav and Sharma (2018) selected routes that intersected 

both horizontally and vertically across the city, while Smith et al. (2011) selected routes to pass 

through different land use types, following a straight path and sticking close to local weather 

stations.  

Moreover, in the absence of a detectable LCZ map for the chosen location (World Urban 

Database, 2023) and in order to reduce the risk of overlooking truly representative areas, this 
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methodology selects a mobile transect based on experimental data instead of selecting routes 

based on landcovers and seeks to overcome these limitations (Rodríguez et al., 2020a).  

 

Figure 5: Research methodology adopted from Rodriguez et al., (2020) 

 

Therefore this study combines mobile measurements and spatial interpolations from 

Geographic Information Systems (GIS) to determine intra-urban temperature variations in the 

area. Unlike previous studies that relied mostly on land cover types to design mobile transects, 

this methodology offers enhanced flexibility, improved spatial resolution, and comprehensive 

coverage of streets (Rodríguez et al., 2020a). The methodology also addresses the research 

objectives (Table 1) as follows:   

 
 
Table 1:  Methodological approaches to address the research objectives 

Objective Methodological approach used to achieve objective 

1 - Map the temperature 

variations across 

different urban areas  

Identify representative mobile transects using experimental 

data achieving high spatial resolution, and collect 

measurements from diverse urban areas, capturing the nuances 

of intraurban temperature variations.  
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Table 1 (continued). 

2 - Identify factors 

contributing to the 

formation and intensity 

of UHI and heat risks  

Analyze temperature data collected through mobile transects 

and correlate this with urban indicators such as land use and 

population 

3 – Analyze potential 

impacts of climate 

change on the heat risk in 

urban areas  

Analyze the UHI and intra urban temperatures and their 

relationship with land use and socio-economic factors, and 

identify vulnerable areas prone to heat stress. Examine 

connections with urban health hazards to inform urban climate 

policy design 

4 - Identify interventions 

to mitigate UHI and 

minimize associated heat 

risks  

Creating decision support tools like heat maps to aid 

policymakers and urban planners. These tools assist in 

selecting and implementing effective interventions. 

 

3.2  Site of study  
 

The study is conducted on the island of Male’ (4°11'N, 73°31'E), the capital city of Maldives 

and the reclaimed artificial island of Hulhumale’ phase 1 (4.21° N, 73.53° E). The country is 

located in the Indian Ocean (Figures 6 and 7) and the climate of the site falls under Tropical 

Monsoon ‘Am’ of the Köppen-Geiger climate classification system. It is characterized by a 

consistently hot and humid climate throughout the year with temperatures ranging between 

26°C to 32°C (Maldives Meteorological Service, 2023).  Site selection was based on its 

strategic importance as the hub for political, economic and commercial activities in a 

historically centralized country.  

It is also the most densely populated urban area in the country as a consequence of internal 

migration and rapid urbanization over the years. Male’ accommodates 41% of the total 

population (National Bureau of Statistics, 2023), therefore there are several vulnerabilities 

which could be investigated in the capital city attributable to its swift urban development, such 

as areas of exacerbated heat. In fact, Hulhumale’ was reclaimed and developed as part of efforts 
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to alleviate the population congestion in Male’ (Mohit and Azim, 2012). Any urban planning 

interventions in the site will therefore impact almost half of the population.  

 

 
Figure 6: Location of Maldives in the Indian Ocean, and the location of its capital Male’ 
(Reliefweb, 2003) 
 

 
Figure 7: Map of Male’ and Hulhumale’ located in central Maldives (Hille and Mundy, 2019) 
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3.3 Supertransect and designing the mobile transect  
 

The most optimal mobile transect routes will be determined by the data gathered from a single 

route termed a ‘supertransect’. The initial step is to divide the area into grid cells of 200m 

spatial resolution as per similar studies consulted by Rodríguez et al. (2020a).  

Next an intensive measurement campaign, the supertransect, is to be conducted just once, using 

a motorcycle equipped with a temperature sensor and a smartphone with a dedicated 

application to cover GPS coordinates. This campaign covers the entire study area (Figure 8), 

takes less than 1.5 hours and collects air temperature and humidity data at multiple locations.   
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Supertransect routes in Male' (left) and Hulhumale' phase 1 (right) obtained from 
iOS app Maps 3D Pro (movingworld GmbH, 2013) 
 

The collected data is then used to create a map of temperature distribution across the area using 

ArcGIS Pro by spatial interpolation techniques. The outcome of the spatial interpolation 

generates a heat map which visually displays the distribution of UHI across the study area. The 

200m grids on the site map are then divided into four ‘clusters’ based on the temperature 

ranges.   

The optimal mobile route traverses at least two grid cells within each cluster in the study area. 

The objective of deriving a shorter, optimal route is to ensure that the entire process can be 

completed within one hour, thereby minimizing the dependency on elapsed time for 

environmental data (Kousis et al., 2021) and to promote replicability.   
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The optimal mobile transect was conducted multiple times as part of the study. In addition to 

the mobile transect data, sensors were strategically fixed in various locations within the study 

area to gather temporal measurements. Furthermore, data from the national meteorological 

station was collected and integrated into the analysis. All the collected data, including the 

mobile transect data, sensor data, and meteorological station data, were combined to perform 

a thorough analysis.  
 

3.4  Mobile monitoring station  
 

To prepare the measuring station, a radiation shield was made from a 100mm wide, 300mm 

long PVC pipe to ensure adequate airflow, which was covered with crushed foil and spray-

painted white. A TinyTag datalogger (Table 2) was firmly fixed within the PVC pipe by 

suspending it with a zip tie to avoid contact with the pipe walls.  

 The radiation shield was mounted on the front of the motorbike and positioned vertically 1.5m 

above ground level, away from the engine with the sensor facing forward (Figure 9). The 

TinyTag datalogger was exposed to outdoor conditions for 30 minutes prior to each mobile 

transect to acclimatize the sensor to the ambient environment, and later at each measurement 

point the motorbike stopped for at least 3 minutes to acclimatize the sensor. 

An iOS GPS application called ‘Maps 3D Pro’ was used to record coordinates to track precise 

positions during the mobile transect because this application had previously produced 

satisfactory results even in densely built areas in a UHI study by Rodríguez et al. (2020a). The 

smartphone app was handheld and there were no issues of signal interference. Accuracy was 

doublechecked from google maps afterwards before analysis.   

 

Table 2: Specifications for the TinyTag datalogger TGP-4500 (Omni Instruments, 2011) 

Parameter Specification 

Range -25°C to +85°C and 0% to 100% RH 

Response rate 
25 minutes for the sensor to reach 90% of its stabilization for 

temperature, and 40 seconds to 90% for relative humidity 

Reading resolution 0.01°C and Better than 0.3% RH 
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Table 2 (continued). 

Accuracy  
 

 

 ±3.0% RH at 25°C  

 

 

  

 
 

  

Figure 9: Mobile monitoring setup  
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3.5 Data   
 

Air temperature measurements were taken during the transects and in total, 12 mobile transect 

observations were carried out, including six measurements at dawn (4am to 5am) and six during 

midday (1pm to 2pm). Main information on the study site gathered are listed in the Table 3 

below.   

 

Table 3: Sources of data 

Data and location Source and format  

Basemap (buildings, streets, etc) - Male’ and 

Hulhumale’  

Hulhumale’ Open Data Portal  

OpenSteeetMap spatial datasets - GIS 

shapefiles  

Landuse maps - Male’ and Hulhumale’  

Landuse data - Hulhumale’  

Urbanco Maldives - Map  

Male’ City Council - Map  

Hulhumale’ Open Data Portal - GIS 

shapefiles  

Building footprint - Hulhumale’  Hulhumale’ Open Data Portal  

Total population, sensitive population and 

density, Census 2022 - Male’ and 

Hulhumale’  

Population density - Hulhumale’  

National Bureau of Statistics Maldives - 

statistics  

Male’ City Council - statistics  

Hulhumale’ Open Data Portal - GIS 

shapefiles  

Fixed air temperature, relative humidity, 

precipitation, wind direction and speed - 

Male’ and Hulhumale’  

Maldives Meteorological Service - CSV  

Fixed datalogger - CSV  

Mobile measurements for air temperature, 

relative temperature and dew temperature  
Dataloggers - CSV  

Solar radiation - Male’ and Hulhumale’  Visual Crossing Corporation - statistics  

Projected and historical air temperature, 

Vulnerability/Risk assessment - Male’ 

region  

Maldives Meteorological Service - statistics  

Asian Development Bank - reports  

Wind speed  Maldives Meteorological Service - statistics  

Cloud cover  Meteologix - statistics  
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3.6 Analysis Protocol   
 

The following table 4 outlines the analysis conducted with the input in order of analysis.   
 

Table 4: Analysis protocol by type, input and output 

Analysis Type  Input Data  Output  

Spatial 

interpolation   

Air temperature measurements 

from 22 locations in Male' on 

3rd March and 17 locations in 

Hulhumale' phase 1 on 4th 

March.  

Mappings of temperature 

distribution using IDW method in 

ArcGIS Pro.  

Grid-based 

spatial analysis 

and heat cluster 

categorization.  

Temperature measurements 

and grid divisions of the study 

area.  

Categorized temperature clusters 

(cluster 1 to cluster 4) with 

corresponding temperature ranges 

for Male' and Hulhumale'.  

Transect 

Design  

Grid cells selected for the 

mobile transect in each city.  

Selection of 10 grid cells for the 

mobile transect at each city.  

Spatial 

Interpolation  

Temperature measurements 

taken during the mobile 

transects in 2 cities at 2 

different time periods over 8 

days.  

Heat maps showing interpolated 

temperatures using IDW on 

ArcGIS Pro.  

Comparative 

Analysis  

Male' route temperatures, 

cloud cover and, wind speed   

Temperature differences between 

different periods with varying 

cloud cover or wind speed.  

Land Use 

Analysis  

Temperature readings from 

Route 1 in both Male' and 

Hulhumale' and Land use 

categories.  

Comparison of temperature 

variations across different land-use 

categories in Male' and 

Hulhumale'.  
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Table 4 (continued). 

 

Spatial 

Analysis  

Population density data, 

Spatial heat map data for 

Hulhumale' phase 1.  

Maps visualizing population 

density and urban temperature 

variations for Hulhumale’ phase 1.  

Comparative 

Analysis  

Temperature data collected 

from fixed sensors in the two 

cities (Male' and Hulhumale') 

and data obtained from the 

national weather station at 

Velana International Airport.  

Comparison of temperature 

measurements over time between 

the meteorology station and the 

fixed station.  

Heat Index 

Calculation and 

Visualization  

Fixed station temperatures, 

relative humidity, Regression 

equation of Rothfusz for heat 

index.  

Heat index values and temporal 

variation of heat index.  

 

 

3.7 Calculation of Heat Index  
 

Heat Index was calculated for the measurements collected from the fixed sensors using the 

Regression equation of Rothfusz (1) below.   

  

HI = c1 + c2T + c3R + c4TR + c5T2 +c6R2 + c7T2 R+ c8TR2 + c9 T2R2                          (1)  

Where:  

HI = Heat Index in °F  

T = ambient air temperature in °F  

R = relative humidity (%)  

c1 = -42.379  c4 = -0.22475541  c7 = 1.22874 x 10-3  

c2  = 2.04901523  c5  = -6.83783 x10-3  c8 = 8.5282 x 10-4  

c3  = 10.14333127  c6 = -5.481717 x 10-2  c9 = 1.99 x 10-6  
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CHAPTER 4: RESULTS 
 
 
4.1 Supertransect measurements and heat map  

 

On March 3rd and 4th, an intensive data collection operation was carried out, where air 

temperature, humidity, and dew temperature were recorded from 22 locations in Male' and 17 

from Hulhumale' phase 1 respectively. These measurements were undertaken during the early 

morning timeframe of 4:00 AM to 5:00 AM, a window chosen to reduce the influence of daily 

temperature fluctuations arising from solar radiation, considering that dawn was recorded at 

6:17 AM.   

On the 3rd of March during the Male’ supertransect, the wind speed was at 16 knots blowing 

from the east (Maldives Meteorological Service, 2023), and there was a cloud cover of 50% 

(Meteologix, 2023). On the 4th of March during the Hulhumale’ supertransect, the wind speed 

decreased to 12 knots from the east (Maldives Meteorological Service, 2023), and the cloud 

cover reduced to 25% (Meteologix, 2023). To generate spatial mappings of the temperature 

distribution of the temperature data, an analytical method of spatial interpolation called 

Inverted Distance Weighting (IDW) was employed using ArcGIS Pro. IDW is a technique 

which calculates the value at the unsampled point by taking a weighted average of the known 

values in the surrounding area.   

Figure 10: Spatial interpolation of temperature for Male’on 3rd March at 4am 
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The generated heat maps (Figures 10 and 11), provides a visual display of the temperature 

patterns observed in Male' and Hulhumale'.  

 

4.2 Heat Cluster Analysis and Optimal Mobile Transect 

 
4.2.1 Heat Cluster Categorization  

 

The study area was systematically divided into 200m by 200m sized grids, a size chosen after 

consulting Rodríguez et al. (2020a), resulting in 48 grids in Male’  

(Figure 11) and 52 grids in Hulhumale’ Phase 1 (Figure 12). The grids are categorized into four 

Figure 11: Spatial interpolation of temperature for Hulhumale' on 4th March at 4am 
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Figure 12: Grids displaying heat cluster categories and optimal mobile route for Male'. Ten 
white circles indicate the measurement points, connected by a dotted line 

distinct temperature clusters by the IDW interpolation tool in ArcGIS, with cluster 1 (yellow) 

corresponding to the coolest range and cluster 4 (red) corresponding to the warmest.   

In Male', the temperature ranges are generally higher, with cluster 1 ranging from 28.148°C to 

28.273°C, and cluster 4 reaching from 28.359°C to 28.484°C. The temperature differences 

within each cluster are also relatively larger, with 0.125 units separating the ranges. On the 

other hand, Hulhumale' experienced slightly lower temperatures overall during that time period 

and day. The temperature ranges in Hulhumale' span from 27.324°C to 27.431°C for cluster 1, 

and from 27.523°C to 27.581°C for cluster 4. The temperature differences within each cluster 

in Hulhumale' are generally smaller compared to Male', ranging from 0.032 to 0.107 units. 

 

4.2.2 Optimal Mobile Transect Design 

 

The primary conditions of designing the optimal mobile in this study were to ensure that it can 

be completed within a short time period and was easily replicable. Therefore 10 grid cells were 

selected (Figures 12 and 13) for the mobile transect at each city. At least two grid cells from 

each cluster were chosen, with the two extra grids being selected according to frequency of 

cluster at each city. 
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Figure 13: Grids displaying heat cluster categories and the optimal mobile route for 
Hulhumale' Phase 1. Ten white circles indicate the measurement points connected by a dotted 
line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3 Mobile Transect Routes and Temperature Analyses 
 

4.3.1 Overview of All Mobile Transect Routes 
 

The optimal mobile transect was carried out 8 times in March 2023.  For each site the mobile 

transect was conducted at two time periods within 24 hrs (termed a single route in this study), 

first at 13:00 h just after midday, followed by 04:00 h just before dawn. The measurements 

were taken at those hours so as to measure two very different conditions and each measurement 

session took 1 hour or less. The details of each route are detailed in Table 5 below. 
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Table 5: Key measurements from the mobile transects conducted in Male’ and Hulhumale’ 
phase 1. Wind and sunshine data by Maldives Meteorological Services (2023), Cloud cover by 
Meteologix (2023) and Daily solar radiation by Visual Crossing Corporation (2023). 

 

Mobile 
Transect Date Time 

Wind 
Speed and 
Direction 

Cloud 
Cover 
(%) 

Total 
Sunshine 

hours 

Daily Solar 
Radiation 
(W/m2) 

Male’ Route 1 7th March 2023 1pm 10 kts E 38 10 310 

Male’ Route 1 8th March 2023 4am 14 kts E 25 - - 

Hulhumale’ 
Route 1 8th March 2023 1pm 14 kts E 50 10 312 

Hulhumale’ 
Route 1 9th March 2023 4am 12 kts ENE 25 - - 

Male’ Route 2 12 March 2023 1pm 14 kts ENE 75 9 308 

Male’ Route 2 13 March 2023 4am 11 kts E 88 - - 

Male’ Route 3 20th March 
2023 1pm 8 kts W 88 10 300 

Male’ Route 3 21st March 
2023 4am 6 kts N 75 - - 

 

 

The Male’ routes were further classified according to its cloud cover and wind speed for further 

analysis. Male’ routes 1 and 2 were selected to observe the temperature differences between 

two periods with varying cloud cover while maintaining a similar wind speed (Figure 14). 

Male’ routes 2 and 3 were used to compare temperature differences between two periods with 

varying wind speeds while maintaining a similar cloud cover (Figures 15) 
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Figure 14: Comparison of temperatures under different cloud conditions. This chart illustrates 

the temperature variations on Male’ Route 1 with scattered cloud conditions and Route 2 with 

higher cloud cover throughout the day and night.  

 
 

 

 

 
Figure 15: Comparison of temperatures under different wind conditions. This chart illustrates 

the temperature variations on Route 2 with moderate winds and Route 3 with low winds 

throughout the day and night.  
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Figure 16:  Male' Route 1 heat map at 1pm on 7th March. The key is temperature in (°C) 

Figure 17: Male' Route 1 heat map at 4am on 8th March. The key is temperature in (°C) 

The results of the mobile measurements were also interpolated into a heat map using IDW on 

ArcGIS Pro (Figures 16 to 23 ) 
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Figure 18: Hulhumale’ Route 1 heat map at 1pm on 8th March. The key is temperature (°C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Hulhumale’ Route 1 heat map at 4am on 8th March. The key is temperature (°C) 
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Figure 20: Male’ Route 2 heat map at 1pm on 12th March. The key is temperature (°C) 

 

 

 
 

Figure 21: Male’ Route 2 heat map at 4am on 13th March. The key is temperature (°C) 
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Figure 22: Male’ Route 3 heat map at 1pm on 20th March. The key is temperature (°C) 

 

 

 

Figure 23: Male’ Route 3 heat map at 4am on 21st March. The key is temperature (°C) 
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4.3.2 Temperatures against Land use Category 
 

The temperature readings from Route 1 for both Male’ and Hulhumale’ were compared against 

the land use categories which revealed distinct variations in urban temperature. In this study, 

the categorization of each city varies slightly due to alignment with the official land use map 

categories assigned by the authorities. However, the land use maps (Figure 25 and 28) 

themselves lack detailed explanations for these categories or how they are defined, therefore 

aerial images of some zones have been displayed (Figures 26 and 29) 

 

In Male', the daytime readings indicate that utility, municipal, institutional, and community 

areas tend to experience higher temperatures compared to residential areas (Figures 24 and 30). 

At pre-dawn however, temperatures in Male' across all categories were lower, with only 

marginal differences between categories. This consistency across land-use types suggests that 

the cooling effect at night is quite uniform across the city.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Temperature variation and Heat Index by land use in Male’. The chart illustrates 
temperature distribution and heat index across different land use categories on 7th March at 
1pm and 8th March at 4am. 
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Figure 25: Existing land use map for Male' (Male' City Council, 2019) 
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Figure 26: Aerial photos of some land use categories in Male’ (Google Earth, 2023) 

 

Sports and Recreation Residential 

Utilities and Municipal Institutional and 
Community 
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In Hulhumale', measurements during the day indicate that higher temperatures are observed in 

industrial, educational, sports and recreational areas, whereas residential areas observed the 

lowest (Figures 27 and 31). At night, temperatures were uniformly lower across all land-use 

categories in Hulhumale'. Like Male', the minimal differences in night-time temperatures 

suggest a uniform cooling effect. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 27: Temperature variation and Heat Index by land use in Hulhumale’ phase 1. 
Temperature distribution and heat index across different land use categories on 8th March at 
1pm and 9th March at 4am 
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Figure 28: Land use map for Hulhumale’ (Urbanco, 2023) 
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Figure 29: Aerial photos of some land use categories in Hulhumale’ phase 1 (Google Earth, 

2023) 
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Figure 30: Heatmap of temperature variation by land use in Male’. Intensity of temperature 
recorded on 7th March at 1pm and on 8th March at 4am. 
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Figure 31: Heatmap of temperature variation by land use in Hulhumale’ phase 1. Intensity of 
temperatures recorded on 8th March at 1pm and 9th March at 4am 
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4.3.3 Temperature against Population Density  
 

An ESRI webmap of planned population density according to the residential parcel sizes 

(Mahaath, 2022) and a spatial heat map for Hulhumale' phase 1 were analysed in ArcGIS Pro 

to check whether there were currently any correlations between the temperatures and 

population density. The spatial statistics tools used were Spatial Correlation Analysis (Moran’s 

I), where a positive Moran's I index indicates spatial autocorrelation (ESRI, 2023b), and Hot 

Spot Analysis (Getis-Ord Gi*) where High Gi* z-scores indicate statistically significant 

hotspots and low Gi* z-scores indicate statistically significant cold spots (ESRI, 2023a).  

The results from the Hot Spot Analysis are displayed in (Figures 32 to 34). The absence of hot 

spots suggests that there are no statistically significant spatial clusters of high population 

density or high temperatures. The presence of cold spots indicates statistically significant 

spatial clusters of low population density or low temperatures. These cold spots are represented 

by different colors on the map, each corresponding to different confidence levels (99%, 95%, 

90%). The darker blue colors represent colder spots with higher confidence levels. Areas 

shown in white on the Hot Spot Analysis map indicate non-significant clustering. These areas 

do not exhibit a clear pattern of either hot spots or cold spots.  

Based on both analyses, it appears that the data exhibits positive spatial autocorrelation, 

meaning that similar values tend to be close to each other. The Global Moran's I value of 

0.676568 and the significant p-value of 0 confirm this finding. 

However, the Hot Spot Analysis does not reveal any significant hot spots, which means that 

there are no statistically significant clusters of high values. On the other hand, the presence of 

cold spots suggests that there are areas with statistically significant clusters of low values. 

Overall, the combined results indicate that the indicators have a spatial pattern of clustering, 

but the clustering is mainly driven by cold spots (areas with lower values) rather than hot spots 

(areas with higher values).  
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Figure 32: Hot Spot Analysis (Getis-Ord Gi*) on Hulhumale’ to assess the relationship 
between population density and temperature 
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Figure 33: Overlay of population dot density (Mahaath, 2022) over the heat map for 
Hulhumale’ Route 1 at 1pm. The key on the bottom right is temperature (°C) 
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Figure 34: Overlay of population dot density (Mahaath, 2022) over the heat map for 
Hulhumale’ Route 1 at 4am. The key on the bottom right is temperature (°C) 
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4.4  Fixed Sensor and Weather Station Data  
 

4.4.1 Sensor and Weather Station Locations  
 

Additional data was collected by fixing the mobile sensors in the two cities, along with obtained 

from the national weather station at the Velana International Airport. The locations of these 

fixed sensors in relation to the weather station is displayed in Figure 35 below. The mobile 

sensors were fixed at a height of 4.5 to 5.5 meters, and the locations were chosen primarily for 

its safety, as they would be left unattended for a period exceeding 24 hours.  

 
Figure 35: Location map of the fixed sensors and the national weather station 

 
4.4.2 Weather Station Metrics  
 

In March 2023, prevailing wind patterns predominantly originated from the East, followed by 

the North East. Rainy days were limited, but a notable precipitation event took place on the 5th 

of March, resulting in a recorded rainfall of 40mm (Figure 36).  

 
Precipitation: Amount of rainfall recorded at Hulhule’ in March 2023 

 

 

 

 

Figure 36: Precipitation levels in March (Maldives Meteorological Service, 2023) 
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Relative Humidity (RH) levels ranged from 65% to 99%, with the lowest humidity levels 

observed between dawn and noon. The temporal variation of temperature and relative humidity 

throughout March is visualized in Figures 37 and 38 where all the rain events have been 

outlined in black.   

 
 

 

 

 

 

  

 
 
 
 
 

 

Figure 37: Temporal variation of temperature. Distribution of Temperature (°C) measured in 
Hulhule’ in March 2023 (Maldives Meteorological Service, 2023) 
 

 
 
 
 

 

 

 

 

 

 

 

 

Figure 38: Temporal variation of humidity. Distribution of Relative Humidity (%) levels 
measured in Hulhule’ in March 2023 (Maldives Meteorological Service, 2023) 
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4.4.3 Air Temperatures Comparison  
  
The comparisons of the temperature measurements over time reveals distinct patterns between 

the meteorology station and the fixed stations (Figures 39 and 40). The meteorology station 

(dotted lines) exhibits higher peaks and lower lows in Male’, indicating that the meteorology 

station experiences more pronounced temperature variations compared to the relatively milder 

fluctuations recorded at the Male' fixed station. Nighttime values for the fixed stations in both 

Male’ and Hulhumale’ are generally consistently higher than the values at the meteorology 

station at night. 

 
. 

 

 

 

 

 

 

 

 

Figure 39: Hourly temperature trend in Male’. Chart illustrates the temperature fluctuations 
between a fixed sensor in Male’ and the meteorological station in Hulhule’ 
. 

 

 

 

 

 

 

 

Figure 40: Hourly temperature trend in Hulhumale’. Chart illustrates the temperature 
fluctuations between a fixed sensor in Hulhumale’ phase 1 and the meteorological station in 
Hulhule’ 
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Figures 41 and 42 illustrate the degree of difference between the temperatures recorded at the 

fixed stations and the weather station.  

 

 

 

 

 

 

Figure 41: Temperature variance between the fixed sensor in Male’ and the meteorological 
station in Hulhule’ 

 

 

 

 

 

 

Figure 42: Temperature variance between the fixed sensor in Hulhumale’ and the 
meteorological station in Hulhule’ 
 

 

Figures 43 and 44 plots the calculated heat index in Male’ and Hulhumale’ phase 1.  

 

 

 

 

 

 

 

 

 

Figure 43: Variance of Heat Index with the temperature in Male’. Comparison of the 
temperatures from the fixed sensor in Male’ against its associated Heat Index. 
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Figure 44: Variance of Heat Index with the temperature in Hulhumale’ phase 1. Comparison 
of the temperatures from the fixed sensor in Male’ against its associated Heat Index. 
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CHAPTER 5: DISCUSSION 

 

5.1 Mapping Temperature Variations Across Different Urban Areas  
 

In order to estimate the urban canopy layer air temperature values across an area using ArcGIS 

Pro, three commonly employed spatial interpolation techniques; Inverse Distance Weighting 

(IDW), Kriging and Spline; were assessed. After considering the alignment of each method 

with field measurements, this study proceeded with IDW, a straightforward method which 

estimates cell values by calculating the average of neighboring sample data points (ESRI, 

2007).   

 

5.1.1 Implications of Mobile Transect Design  
 

The configuration of the mobile transect has implications in both the approach used to collect 

the data and the resultant findings. The inclusion of ten specific grids in each city ensured that 

all four temperature clusters were covered, with at least two grids in each cluster. Additional 

grids were chosen based on cluster frequency, although this does not diminish the less frequent 

clusters for the study. To validate the accuracy of the transect, it is recommended that future 

studies conduct a minimum of five days of measurements from the optimal mobile transect to 

determine if the clusters exhibit consistent patterns each time (Rodríguez et al., 2020b).    

 

5.1.2 Comparison of Temperature Variations  
  

Supertransect: The data obtained during the supertransect conducted at 4am, just before 

daybreak, revealed that Male’ exhibited higher nocturnal temperatures compared to 

Hulhumale’. Moreover, the temperature range within the clusters were wider in Male’, 

indicating more fluctuation in contrast to Hulhumale’. This could potentially be attributed to 

the diverse microclimates created by the urban environment.  Both Male’ and Hulhumale’ had 

the greatest number of grids in cluster 2, indicating that a large area in these cities experienced 

a moderate level of temperature, falling within their respective temperature ranges.   

Alternately, Male’ had the fewest grids in cluster 3 which represent warmer temperatures 

suggesting that Male’ had fewer extremely hot spots, whereas Hulhumale’ had fewest grids in 

the cooler cluster 1, suggesting that Hulhumale’ had fewer cooler spots. This frequency and 

skew of cluster distribution also demonstrated that there was a more balanced distribution 
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across the temperature range for Hulhumale’, implying a more uniform spread of heat through 

the city.  

Mobile transects:  The figures (16 to 23) depict the fluctuations in temperature for each mobile 

traverse, highlighting the intra-urban differences in air temperature throughout the study area. 

Generally, the northwestern part of Male’ appeared to exhibit higher temperatures both day 

and night, whereas other areas exhibited different temperature patterns depending on the time 

and day. The varying spectrum in the heatmaps also suggest that specific localized conditions 

or factors contribute in shaping the heat profile.   

The daily solar radiation for the study areas ranged between 300-312 watts per square meter 

(Visual Crossing Corporation, 2023). Daytime temperatures in Male’ ranged from 30.356 °C 

to 32.166 °C, while in Hulhumale’ it was slightly higher, ranging from 30. 424°C and 

32.626°C. In contrast, the nighttime temperatures for Male’ were between 28.275°C and 

28.428°C, and for Hulhumale’ it was between 27.922°C and 28.12°C.    

These observations indicate that Hulhumale’ tends to have warmer days, whereas Male’ 

experiences warmer nights. This difference may be linked to the dense urban nature of Male’ 

and the Sky View Factor (SVF), which is the ratio between incoming radiation on a flat surface 

and the total radiation emitted by the surrounding area (Ruefenacht and Acero, 2017).   

SVF is determined by calculating the fraction of visible sky from the ground, represented 

between 0.1 to 1 where 1 signifies an unobstructed sky. Therefore a lower SVF value and more 

obstructed sky in the street canyons create more shadow and limits the amount of radiation 

reaching the surface. However, during the night, there is a potential to trap the outgoing 

radiation, leading to a smaller reduction in temperatures.  

Although SVF was not determined for this study, considering the built layout of both cities, it 

may be assumed that Male’ streets are generally narrower or lined by taller buildings than in 

Hulhumale’, leading to a lower SVF. A lower SVF is known to worsen the urban heat island 

phenomena at night, while improving outdoor thermal comfort during the day.   
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5.2 Factors Contributing to the Formation and Intensity of Intra-Urban 
Temperature Variations  
  

5.2.1 Impact of Weather Conditions   
  

Analysis indicated that the distribution of heat within Male’ in March is affected by the 

prevailing winds from the East and Northeast. Observations suggest that these winds dispersed 

the heat and modified the intra-urban temperatures. Similarly, the heat map reveals that the 

northeastern region of the city exhibits cooler temperatures compared to the rest of Male’ 

irrespective to the time of day.   

After comparing variations in Male’ under different cloud cover conditions (at moderate wind 

speed and similar solar radiation levels), daytime temperatures were found to be marginally 

higher, ranging from 0.5°C to 1°C when skies were mostly cloudy, compared to instances with 

fewer scattered clouds. This trend persisted during nighttime as well.   

This observation may seem counterintuitive at first, as common understanding would imply 

that increased cloud cover leads to cooler temperatures due to reflection and lower amount of 

solar radiation reaching the surface. However, clouds at high temperatures can also trap 

outgoing longwave radiation and heat emitted by the earth (He, 2018), leading to what is 

commonly known as the ‘greenhouse effect’.   

During nighttime, this entrapment of heat is even more pronounced. Instances of predominantly 

cloudy skies at night led to warmer temperatures when compared to instances with scattered 

clouds. The actual impact of clouds on temperature may vary depending on cloud type and 

altitude, climatic conditions and other atmospheric factors. It was interesting to note that the 

temperature pattern follows the same trajectory in all comparisons, suggesting that the selected 

grid for the mobile traverse route preserve their cluster characteristics during the measurement 

period.   

Upon comparison of the effect of varying wind speed on the temperature, assuming consistent 

high cloud cover and similar solar radiation levels, it was observed that low winds during the 

day resulted in higher peak temperatures and lower overall dips in temperature compared to 

moderate wind conditions. At night, temperatures under moderate wind speed were slightly 

warmer compared to low wind speed.  The influence of wind on heat exchange may contribute 

to the above observations. During the day, under the influence of solar radiation, a low wind 

speed may not efficiently diffuse the heat, leading to the observed elevated temperatures. In 
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contrast, moderate winds have the ability to disperse the accumulated heat and moderating the 

temperatures, leading to less drastic dips and peaks in temperatures.  At nightfall, the role of 

wind appears to change. Instead of dispersing the heat, the wind currents aid to mix the 

ascending warm air with the cooler air near the surface, leading to an elevation of temperature 

(University of Illinois, 2010). Therefore, calmer nights may cool faster than windy nights in 

the study location.   

A connection between temperature and precipitation was also noticeable. During periods of 

rainfall, the temperatures fell while humidity increased. Figure 37 illustrates that any amount 

of rainfall, even if it were not as substantial as the amount recorded on 5 March, has a 

measurable impact on the temperature by reducing it. The levels of relative humidity ranged 

between 65% and 99%, with the lowest levels observed between dawn and noon.   

  

5.2.2 Land Use  
  

While temperatures have been mapped based on their land use categories in this study, it is 

important to acknowledge the significant overlap of land use in Male’ resulting in a lot of 

mixed-use zones. This is particularly evident in areas where residential and commercial spaces 

co-exist (Figure 45). Moreover, building heights in Male’, regardless of land use category, are 

generally around 5-10 storeys high (Figure 46). Notable variations in land use zoning are more 

evident in street width, where certain industrial zones have wider roads (Figure 47) and 

residential areas feature narrower streets (Figure 48).  

 

 

 

 

 

 

 

Figure 45: Illustration of mixed use land use in Male’. The ground floor is commonly used for 
commercial purposes, while the upper floors may be mixed or residential (Left: neoreeves, 
2020; Right: mbybs, 2016) 
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Figure 46: Aerial view of Male’, showing the general uniformity of building heights (Mihaaru, 
2018) 
 

 

 

 

 

 

 

 

 

Figure 47: Wider roads in the outer ring road providing access to utilities and municipal spaces 
(Mihaaru, 2023) 
 
 

 

 

 

 

 

 

 

 

 

Figure 48: Residential streets in Male’ are generally characterized by narrow streets in 
comparison (Nishaath, 2019) 
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Both cities demonstrated a clear correlation in daytime temperatures and land use. In the capital 

Male’, areas dedicated to utilities, municipal, institutional and community activities exhibited 

elevated temperatures compared to residential areas. Similarly in Hulhumale’, industrial zones, 

educational areas, sports and recreation zones exhibited higher temperatures compared to 

residential areas on the whole.   

However at night, impacts of land use on temperature variations appear to be low with minimal 

differences with consistent cooling across all types. This suggests that the influence of land use 

on temperature was more pronounced under solar loading.   

 

5.2.3 Population Density   
  

The results from the analysis of population density and intra-urban temperature variations in 

Hulhumale' phase 1 revealed interesting spatial patterns. The absence of hot spots indicates that 

there are no statistically significant spatial clusters of high population density or high 

temperatures, which suggest that areas with higher population density do not necessarily 

experience higher temperatures compared to other areas. However, the presence of cold spots, 

representing statistically significant spatial clusters of low population density or low 

temperatures, indicates that certain areas experience lower temperatures and may have lower 

population density. The clustering pattern of intra-urban temperature variations in Hulhumale' 

phase 1 is primarily driven by cold spots, with areas of lower temperature and population 

density, rather than hot spots. 

 

The relationship between population density and the intra-urban temperature variations, only 

provides a partial understanding of the contributing factors. To obtain a holistic understanding, 

other variables such as city configuration, industrial processes, and impacts of climate change 

must be integrated.   

  

5.3 Potential Impacts of Climate Change on Heat Risks in Urban Areas  
 

5.3.1 Interpretation of Fixed Sensor and Weather Station Data  
  

The heights of the fixed sensors placed in the cities were between 12-15 meters, above ground 

level. The World Meteorological Organization (2023) relaxes the vertical positioning of the 

sensors in urban areas due to the challenges involved, but also because the increased turbulence 



 

 57 

and vertical mixing of air in the urban areas result in minimal temperature gradients in urban 

areas compared to rural areas. While the exact height of the sensor at the national weather 

station located at the Velana International Airport is unknown, the U.S.  Federal Aviation 

Administration (2017) recommends that it be 1.5 ± 0.3 meters above ground at airports.    

The fixed sensors in Male’ and Hulhumale’ Phase 1 are situated 3 kilometers and 2.7 kilometers 

meters away from the airport respectively and is sufficiently removed from the city limits. The 

utilization of land in the airport island (Figure 35) is also different from Male’ and Hulhumale’, 

such that the majority of the land is dedicated to the airport, along with supporting infrastructure 

such as the runway, roads, ports and hospitality services. The airport island (Hulhule’) also has 

more open spaces in comparison and is relatively less densely built. Therefore, for the purposes 

of this study, the airport and its weather station will be categorized as a rural or non-urban 

station, while classifying the fixed stations in Male’ and Hulhumale’ Phase 1 as urban.   

The analysis of hourly temperature trends indicates that the temperatures at the rural station 

peak a few hours prior to the urban stations. Specifically, between 6am and 10am in the 

morning is when the rural station records its peak, whereas the fixed stations reach their 

maximum between 12pm noon and 4pm in the evening. Sunrise in March was recorded 

between 06:17-06:05am and sunset was recorded at 06:19-06:14pm.   

This observation is consistent with the knowledge that urban areas typically reach their 

maximum temperatures later in the day compared to airports or rural areas (Simmonds and 

Tapper, 2016). Moreover, cities may also experience an urban ‘cool island’ early in the 

morning because of the deeper atmospheric boundary layer over urban regions which reduces 

the heat compared to adjacent rural areas (Simmonds and Tapper, 2016).  

Notably at night, the urban temperatures did not drop as low as the rural temperatures. 

Throughout the night the urban areas remained consistently one or half a degree Celsius 

warmer than the rural values. The lowest rural temperatures were observed between 12am and 

2am whereas the lowest urban temperatures were observed between 5am and 7am, a 

considerable difference.   

 The analysis suggests that the temperature fluctuations in the rural station was more noticeable, 

characterized by higher peaks and lower troughs, while the urban locations exhibited less 

pronounced variations. Rasheed (2012) also corroborates that outdoor temperatures in rural 

areas of the Maldives were already higher than those recorded in urban outdoors.  This provides 
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an insight into the possible occurrence of an urban heat island effect, where the densely 

urbanized areas in greater male’ retain more heat compared to the non-urban area.   

Several factors linked with urbanization may perhaps account for this observation, including 

the presence of densely built areas, high population density and associated energy use, traffic 

and industrial processes. For these reasons, cities are typically characterized by prevalence of 

concrete and asphalt which further amplifies thermal conductivity and heat retention (Acosta 

et al., 2022).   

Another possible explanation for this phenomenon could be attributed to thermal inertia. 

Thermal inertia, according to Lizarraga and Picallo-Perex (2020) refers to the characteristic of 

a material that indicates how slowly its temperature reaches to that of the surrounding 

environment. However, a more accurate description of the impact it has within an enclosed 

space can be defined as the ability of a material to retain heat and delay its transfer (Lizarraga 

and Picallo-Perex, 2020).   

Upon comparison of the variations in temperature between the urban and rural stations during 

the diurnal cycle, the differences appeared to reach their maximum around 4pm in the evening. 

At night however, the deviations appeared to be generally minimal in comparison.   

When comparing the differences in temperature between the rural and cities during the day, the 

differences appear to deviate the most at around evening at 4pm. The largest difference in 

temperatures between the two stations are also observed during the day. At night the deviations 

are mostly minimal, except between 2am and 7am where a large discrepancy was observed.   

  

5.3.2 Heat Risks and Climate Change  
  

The Heat Index or HI, (also referred to as the apparent temperature) denotes the temperature 

felt by the human body by taking into consideration both the relative humidity and the air 

temperature (National Weather Service NOAA, 2023). It can be a means to quantify the 

impacts of weather on thermal comfort and helps to comprehend the possible effects of heat 

and humidity on humans.    

All the measurements in this study meet the criteria for the equation used to calculate the heat 

index, where the temperatures are 27°C or above, coupled with a minimum relative humidity 

of 40%. The heat index calculations were only focused on cities and not for the rural station, 

because the primary objective was to determine the heat index specific to land use categories 
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or temporal characteristics, in order to inform potential implications for urban planning, 

occupational health, event organization and energy management.   

Table 6 presents the spectrum of HI values and their associated implications as obtained from 

Jamei and Ossen (2012).  

Table 6: Heat Index chart 

Heat Index (°C) Implication 

Below 27 Neutral Preserve or enhance 

Between 27 to 32 Caution Action is desirable 

Between 32 to 41 Extreme caution Action is necessary 

Between 41 to 54 Danger Action is necessary 

Above 54 Extreme danger Action is necessary 
 

While an optimal heat index would fall below 27°C, the heat index for Male’ consistently fell 

within the range of ‘extreme caution’ even at night. This range indicates the possibility of 

fatigue as a result of prolonged exposure or physical activity (National Weather Service 

NOAA, 2023), and highlights that it is necessary to implement counteractive measures (Jamei 

and Ossen, 2012).  

In Hulhumale’ as well, the heat index was within ‘extreme caution’ but also escalated up to 

‘danger’. This range indicates the possibility of heat cramps, heat stroke and other heat related 

conditions with prolonged exposure or physical activity (National Weather Service NOAA, 

2023). 

Analysis of land use categories and their associated heat index on the mobile traverse route 

indicates that in Male’, zones categorized as ‘utilities and municipal’ registered the highest heat 

index, followed by ‘institutional and community’ zones. In Hulhumale’, industrial, 

educational, sports and recreational areas exhibited the highest heat index. The implication is 

that targeted design interventions, and alterations may be required in these zones to shape an 

urban area which ensures thermal comfort and enhances resilience to increasing temperatures 

in the changing climate.   

In neighboring Sri Lanka, Simath and Emmanuel (2022) observes the progression from ‘very 

strong heat stress’ towards ‘extreme heat stress’; a level which was hardly noticeable in the 

1990s but which has now become prevalent across two-thirds of the country during its hottest 
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month of April. Even the typically coldest month of January witnesses the emergence of 

‘moderate heat stress’ in densely populated areas – an occurrence which was unheard of in the 

1990s (Simath and Emmanuel, 2022). This shift highlights the evolving heat dynamics in Sri 

Lanka over time.  

Looking ahead, Maldives is also expected to experience warmer temperatures. The 

Representative Concentration Pathway (RCP) 4.5 depicts a scenario of moderate greenhouse 

gas (GHG) emissions while RCP 8.5 depicts a high GHG emissions scenario without any 

mitigation efforts. The Multihazard Risk Atlas of Maldives outlines that in the RCP 4.5 

scenario, the temperatures in central Maldives range from 28.50°C to 29.05°C in the 2020s and 

is projected to rise to 29.60°C to 30.70°C in the 2030s and 2040s in the warmest months of 

March-May (Asian Development Bank, 2020). On the other hand, under RCP 8.5, the average 

temperature increases from 29.05°C to 29.60°C in the 2020s and 2030s, up to 29.60°C to 

30.15°C in the 2040s (Asian Development Bank, 2020).  

In the present global climate, the capacity of individuals to release heat to their surroundings 

remain possible in almost all terrestrial areas on the planet (Matthews, 2018). However, 

evaluations of heat-humidity indicators have indicated a worrying shift in this possibility to 

diminish as the climate continues to warm, highlighting the existence of a limit of human 

adaptability within the context of climate change and associated challenges of heat stress 

(Matthews, 2018).   

The increasing prevalence of elevated temperatures may also have an impact on people’s lives 

by reducing the pursuit of outdoor activities. Rasheed (2012) observes that a lack of suitable 

outdoor spaces in the country coupled with widespread reliance on air conditioning has 

hindered the incorporation of outdoor areas as an adaptive strategy to alleviate thermal 

discomfort. Kagawa (2022) notes that the chance for kids to engage in outdoor experimental 

learning, a unique and valuable aspect of the national curriculum particularly in Maldivian 

outer islands, is quickly diminishing due to the excessive heat and unfolding climate change 

impacts. An incident where a student attending a school camping trip fainted from extreme 

heat was also reported (Kagawa, 2022). The following figure 49 is a depiction of a student 

from Kinbidhoo School on the effects of climate change on her education.   
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Figure 49: A Maldivian student’s depiction on the effects of climate change on her education 
(Kagawa, 2022) 

 
The forecasted trends in temperature may bring about diverse consequences, influencing both 

the city’s infrastructure and its residents. The intensified heat caused by UHIs can raise the 

need for cooling, leading to higher energy consumption, and in turn, increased GHG emissions. 

This creates a harmful cycle where this further intensifies the urban heat islands.   

With the growth of high-rise buildings and widespread use of electrical appliances, the demand 

for energy in the Maldives has surged in the recent years. Energy in the country is generated 

independently on each island, mostly by diesel generators and this is the primary source of 

electricity (Mahlia and Iqbal, 2010). In 2010, on a monthly average approximately 17,000 

MWh of electricity was billed reaching a peak demand of 32 MW, with the greater Male’ region 

consuming a significant 72% of power generated in 2006 (Mahlia and Iqbal, 2010). Notably, 

the fuel costs required to meet the electricity demand in Male’ contributes to 70% of the power 

stations operational cost (Mahlia and Iqbal, 2010), indicating that efforts to improve energy 

efficiency can potentially lead to substantial savings.  Apart from the potential impacts on 

human health, studies have also focused on how it can affect the economy. A study found that 

in the IPCC A2 climate scenario, some regions such as Southeast Asia could be the worst 

affected by the reductions in labor capacity, which could be as high as 27% by 2080 (Matthews, 

2018)  
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5.4 Interventions to Minimize Heat Risks  
  

5.4.1 Potential Interventions  
  

The constraints of human capacity to acclimatize their body to heat stress is an incentive to 

prioritize the reduction of exposure to dangerous levels of heat. Cities, where heat stress is 

primarily observed (Fischer, Oleson and Lawrence, 2012), offer an opportunity for intervention 

through modification of the built environment.   

However, despite the implementation of city greening measures and their potential of 

vegetation to reduce temperatures, its effectiveness on heat-humidity indicators are still 

uncertain (Matthews, 2018). Furthermore, its limitation in improving outdoor thermal comfort 

in highly humid tropics have also been debated by Stepani and Emmanuel (2022). 

Nevertheless, Taleghani (2018) finds that when compared to using highly reflective materials, 

vegetation is actually a better option to improve thermal comfort at the ground level, because 

reflective materials also led to an increased re-radiation towards pedestrians.   

Addressing the issue of extremely high outdoor humidity presents a bigger challenge than 

reduction of air temperature, since as demonstrated by the heat index values, high humidity 

coupled with high temperatures can make it feel more hotter than the actual air temperatures.   

In consideration of the analysis and these aspects, it is useful to examine the case study of 

Singapore. Often referred to as a “Garden City” in several reputable literature (Tan et al., 2013), 

Singapore offers valuable insights into addressing heat-related issues. Granted, Singapore gets 

more rainfall as a Köppen class Af (tropical rainforest), whereas Male’ experiences a relatively 

dry northeast monsoon period as Am (tropical monsoon). Nevertheless, there are similarities 

of high humidity, comparable temperature ranges and similar latitudes. Both are surrounded by 

water bodies, and are known to be compact, high-rise cities with a dense population (Tan et 

al., 2013). All of this makes Singapore's experience particularly relevant as a case study.   

Urban heat island effects remain a concern in Singapore despite its reputation as a green city. 

According to Ruefenacht and Acero (2017), the UHI effect over most of the city reaches an 

average of 4°C, and even exceeds 7°C during certain periods. In response to this, the city 

devised a roadmap structured around seven focal themes specifically to combat UHI and 

outdoor thermal comfort. A total of 86 interventions were identified within these themes, all 

designed to suit the tropical climate.   
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Table 7 highlights a selection of seven interventions representing each thematic area from the 

roadmap, which offer possibilities for immediate or short-term integration into national action 

plans. However, further research for greater Male’ is required, particularly considering the 

novelty of this study. Additionally, extensive collaboration among stakeholders is essential to 

develop a set of actions to suit the Maldivian context.   

The following table 7 highlights a few short-term adaptive measures to combat humid heat 

stress in tropical countries (Ruefenacht and Acero, 2017)  

 

Table 7: Short-term adaptive strategies to combat humid heat stress in tropical countries 
(Ruefenacht and Acero, 2017) 

Energy 
Hybrid 

ventilation 

in outdoor 

spaces  

Hybrid ventilation systems combine natural and mechanical ventilation in 

outdoor spaces to enhance thermal comfort while minimizing energy 

consumption. They are useful in areas where air circulation alone might not 

be adequate to maintain thermal comfort or offer control. They also help 

alleviate the surplus heat and humidity in outdoor spaces to some extent. 

Consequently, they present a valid means of achieving a satisfactory level 

of outdoor thermal comfort in the tropics.  

Shading 
Moveable 

shading 

devices  

Adjustable shading devices may be movable, either manually or 

automatically, providing users with the flexibility to tailor the spatial 

properties to their individual requirements. In a tropical climate, devices 

have the capability to function as adaptable shading structures that adapt to 

the sun's trajectory, offering shade as needed throughout the day. They are 

light, easily installed, and suitable for use in locations that need extra 

shading during the daytime, such as parks or sports grounds offering a 

variety of shaded and sunlit areas.  

Modifying urban geometry with adjustable shading devices attached to 

buildings can improve thermal comfort by reducing the street canyon 

during the day while maintaining sufficient ventilation at night (Swaid, 

1992). Due to the latitudinal position, horizontal shading devices are 

recommended to face north and south, while vertical shading devices need 

to face east and west.  
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Table 7 (continued). 

 

Urban Geometry 

Green plot 

ratio  

Green Plot Ratio (GnPR) measures the ratio between greenery and total 

area, incorporating both vertical and horizontal landscaping elements 

such as trees, lawns, and urban farms. Increasing greenery in urban areas 

through architectural design provides cooling effects, lowers surface 

temperatures, and improves outdoor thermal comfort. A comparative 

study between green zones and concrete spaces in Singapore revealed a 

significant temperature variation of 4°C (Ruefenacht and Acero, 2017). 

Various plant categories exhibit distinct Leaf Area Index (LAI) levels, 

where groundcover and shrubs demonstrated higher LAI values 

compared to palms and canopy trees. (Ong, Hin and Ho, 2012). 

GnPR quantifies the number of plants but doesn't specify plant species, 

which are often chosen for aesthetics rather than environmental benefits 

(Ong, Hin and Ho, 2012). LAI can be combined with considerations to 

social, ecological, and environmental benefits to guide plant species 

selection based on specific conditions (Ong, Hin and Ho, 2012).  

Water Bodies 
Evaporative 

cooling  

Controlling humidity at a large-scale outdoors is difficult, and misting 

systems or cooling stations in key areas can offer spots for people to cool 

down. By spraying a fine mist of water into the air, these systems 

facilitate cooling through evaporation. While this approach may seem 

counterintuitive in high-humidity environments, it can still provide a 

cooling effect if the water droplets are fine enough, and the air is in 

motion through fans or natural wind. Farnham, Emura and Mizuno 

(2015) presented evidence suggesting that tropical regions facing 

significant UHI effects can benefit from implementing this mitigation 

approach to achieve immediate outdoor cooling. While evaporative 

cooling is less effective in humid areas due to high water presence in the 

air, it can still contribute to a calming and reducing surface temperature 

on the skin (Farnham, Emura and Mizuno, 2015).  
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Table 7 (continued). 

 

Materials and Surfaces 
Cool roofs  Cool roofs reduce surface temperature and minimize the transfer of heat 

into buildings through reflection, thereby reducing energy consumed for 

cooling and associated energy costs in buildings.  

Extensive research has also been conducted on reflective roofing 

materials to improve thermal comfort in non-conditioned buildings due 

to the strong interest in the field.  

Cool paints absorb less heat and emit less heat at night compared to 

conventional paints and cool coatings applied on all urban surfaces can 

reduce the outdoor air temperature by up to 2.0°C by midday (Zhou et 

al., 2020), and by 1.4°C at around 2pm in Singapore (Li and Norford, 

2016). Cool paints are 25-30% more expensive than conventional paints 

but still considered a realistic option compared to changing urban form 

(Chiu, 2023)  

Transport 
Material and 

color of cars  

Reflective paint color measures are climate-specific and particularly 

effective in high sun exposure regions. Choosing a more reflective paint 

color, such as white or silver, lowers the interior heat level and reduces 

heat flux from the vehicle.  

Levinson et al. (2011) found that using air-conditioning in cars increases 

fuel consumption by up to 22% in tropical locations. Painting the body 

of a car in white or silver can result in saving 2% of fuel consumed, 

reduce CO2 emissions by 1.9% and hydrocarbon emissions by 0.67% 

(Levinson et al., 2011).  

Reduced fuel consumption results in lower gas emissions and less heat 

radiated into the environment.  
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Table 7 (continued). 

 

Vegetation 
Tree species  The positive effects of trees on heat accumulation and outdoor thermal 

comfort depend on factors such as the amount of trees within a square 

meter, along with their species diversity, dimensions, and suitability to 

tropical environments. 

Lin and Lin (2010) conducted an experimental study that demonstrated 

how leaf color and foliage density influenced the cooling efficiency of 

trees in parks. Street trees, on average, may experience temperatures that 

are 1°C higher compared to park trees. This variation in temperature is 

a result of their exposure to radiation, both reflected and emitted, by the 

nearby urban structures (Lin and Lin, 2010).  

The size of leaves on trees influences the crown temperatures, with 

smaller leaves typically resulting in temperatures which are lower 

compared to larger-leafed trees (Leuzinger, Vogt and Körner, 2010). 

Therefore selection of appropriate tree species that reduce direct 

exposure to sun radiation is an important action for improving thermal 

comfort in tropical areas.  

The location inside the urban area and the characteristics of trees also 

play a role in determining temperature and local thermal comfort 

conditions (Tallis et al., 2015).  

 

5.4.2 Policy Recommendations 

 

All these interventions have the potential to be effectively incorporated into future national 

action plans. However, the first step is to perhaps recognize the challenges posed by urban heat 

risk and the presence of urban heat islands as pressing concerns. When the first National 

Adaptation Programme of Action (NAPA) of 2007 was developed by Maldives to 

communicate urgent and immediate adaptation needs in response to climate change impacts, 

any implications of rising temperatures were mostly focused on its effects on vector-borne 

diseases, heat stress on plants affecting food security, and the impact on sea-surface 
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temperatures (Ministry of Environment, Energy and Water, 2007). Climate change risks 

primarily centered around the nation as a whole, with a focus on rising sea levels and the 

occurrence of extreme weather events such as storm surges (Ministry of Environment, Energy 

and Water, 2007).  

The following two areas have the potential to be integrated into short-term national climate 

plans:   

• Heat-resilient infrastructure: encouraging energy-efficient building designs, retrofitting 

measures in open spaces to promote ventilation, shading elements, and thermal 

insulation.   

• Urban green infrastructure: consciously utilizing green spaces such as green roofs, 

vertical greenery systems and street trees to reduce radiation and improve overall 

energy efficiency of buildings.   

Spatial patterns of intra-urban temperature variations and population density can also be 

valuable in making an informed decision in the long term:  

• Targeted Green Infrastructure: Although no statistically significant hot spots were 

identified (Figure 32), applying the suggested interventions for hypothetical hot spots 

or areas that experience higher temperatures as observed in Figures 18 and 19 may still 

reap thermal comfort benefits. For such areas, the interventions can be applied to 

mitigate heat and create a more comfortable environment. 

• The positive spatial autocorrelation results in 4.3.3 suggests that similar temperature 

and population density values tend to cluster together in both hot spots and cold spots. 

This provides an opportunity for smart urban design principles to be applied, optimizing 

energy efficiency in these areas. Climate-resilient zoning therefore emerges as an 

important intervention. By incorporating climate-resilient zoning regulations and 

building codes, new developments in identified areas may be better suited to handle 

temperature variations in the future.  
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CHAPTER 6: SUMMARY, LIMITATIONS AND FUTURE SCOPE 

 
 
6.1 Summary of Findings 
 

The findings reveal significant insights into the temperature patterns and heat dynamics of 

urban areas, specifically Male' and Hulhumale' phase 1 in the Maldives.  

Findings show that Male' experiences higher nocturnal temperatures compared to Hulhumale', 

and that Hulhumale' tends to have warmer days. Attempts were made to attribute the 

temperature differences to variations in land use and urban characteristics between the two 

cities.  

Furthermore, the study identifies the influence of cloud cover on urban temperature variations. 

It is observed that daytime temperatures are marginally higher when skies are mostly cloudy 

compared to instances with scattered clouds. This trend persists throughout the night, 

suggesting a heat entrapment effect during cloudy days.   

Wind conditions were also seen to play a role in temperature fluctuations. Low winds during 

the day resulted in higher peak temperatures and lower overall temperature dips compared to 

moderate wind conditions. At night, temperatures under moderate wind speeds are slightly 

warmer compared to low wind speeds. These findings highlight the influence of wind on heat 

dissipation and temperature regulation in urban areas.  

The study also establishes a correlation between land use and daytime temperatures. In Male', 

areas dedicated to utilities, municipal, institutional, and community activities exhibit elevated 

temperatures compared to residential areas. Similarly, in Hulhumale', industrial zones, 

educational areas, and sports and recreation zones show higher temperatures than residential 

areas. This emphasizes the impact of land use on localized heat patterns.  

The temperature patterns in urban areas follow a distinct trajectory, with maximum 

temperatures occurring later in the day compared to the temperature measured at the airport. 

Moreover, cities were seen to experience an urban 'cool island' effect in the early morning 

hours. However, it is noted that urban temperatures do not drop as low as rural temperatures 

during the night, indicating the presence of an urban heat island effect.  

The analysis of population density and intra-urban temperature variations in Hulhumale' phase 

1 revealed a spatial pattern predominantly driven by cold spots (areas with both lower 

temperature and population density). While no significant hot spots were identified, these 
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preliminary findings suggest that higher population density did not necessarily lead to higher 

temperatures in the city. 

The heat index calculations reveal that both Male' and Hulhumale' consistently fall within the 

range of 'extreme caution,' even at night. Hulhumale' experienced higher heat index values, 

reaching the range of 'danger.' This underscores the urgent need to address the issue of high 

outdoor humidity and its impact on human comfort and well-being.  

Addressing extremely high outdoor humidity presents a greater challenge than reducing air 

temperature, highlighting the complexity of mitigating heat risks. To tackle these challenges, 

it is crucial to recognize urban heat risk and the presence of urban heat islands as pressing 

concerns. Suggestions were made to integrate heat-resilient infrastructure and urban green 

infrastructure into national climate plans as effective approaches. Incorporating heat-resilient 

design principles in urban infrastructure projects can minimize heat accumulation and enhance 

outdoor thermal comfort. Similarly, enhancing urban green spaces, such as parks, green roofs, 

and street trees, can mitigate the heat island effect and improve thermal comfort.   

 
 

6.2 Limitations of Study 
 

It is important to acknowledge that the map is based on interpolated data, representing a model 

of temperature distribution that may not capture all micro-scale variations accurately. To 

validate and refine this model, ground truthing and additional measurements should be 

conducted such as increased temporal resolution and spatial coverage.  

The accuracy of the mobile measurements may also be influenced by factors such as traffic 

congestion and the timing of mobile measurements, and interpolation might also not capture 

short-term or rapidly changing events such as heatwaves.  

To improve the accuracy and representativeness of future mobile surveys, the representative 

transect should be performed multiple times. Relying on a few transects is insufficient to 

generalize findings since it represents a specific meteorological background condition. 

The study also does not take into account the full influence of microclimates within the study 

area which could be created by factors other than land use or population, such as surface 

materials and vegetation. It is also important to note that the results may not apply to other 

small island states or tropical cities.  
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6.3 Directions for Future Research 
 
 
To enhance the applicability and reliability of findings, future studies must consider conducting 

long-term measurements throughout different seasons and over a more extended period. By 

expanding the temporal scope, a comprehensive understanding of the variations in UHII can 

be gained. However, this may not be a feasible undertaking.   

Considering the limitations, there are opportunities for further improvement in data collection 

and analysis. Building upon the foundation of this study, future investigations could follow the 

methodology proposed by Rodríguez et al. (2020b), to incorporate mobile transects as a long-

term means of estimating urban temperatures.   

To overcome the challenges of collecting hourly data throughout the day, an alternative 

approach suggested by Rodríguez et al. (2020b) is to develop an empirical model. This model 

allows to estimate hourly urban temperatures and the UHI by only using data from the weather 

station and integrating it with the measurements obtained during the past mobile transects by 

running it through an empirical formula and eliminating the need for additional sources of time-

consuming measurements.   

In future studies, it would also be beneficial to include an analysis of green spaces or calculate 

the Normalized Difference Vegetation Index (NDVI). NDVI is a remote sensing metric used 

to assess plant growth, vegetation cover, and biomass production based on satellite data 

(GISGeography, 2017). Valuable insights can be gained from incorporating NDVI by 

observing the correlation between green spaces and temperature variations, which is 

particularly relevant given the proposal of integrating greening infrastructure as mitigation and 

adaptation measures.   
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CHAPTER 7: CONCLUSIONS   

 
 
In conclusion, efforts have been made to address the objectives of the study which were to map 

temperature variations, to identify various factors contributing to heat risks, to analyze climate 

change impacts, and identify interventions to mitigate heat risk.  

There is no one-size-fits-all solution for urban heat mitigation. The strategies chosen must fit 

the local climate, culture, and resources, and it might take a combination of strategies to achieve 

the desired result. Even with these interventions, during periods of extreme heat, some 

discomfort may be inevitable, and the goal is to minimize risk and increase comfort as much 

as possible.   

Based on the findings, the initial hypothesis can be confirmed that the urban areas of Male' and 

Hulhumale' in the Maldives exhibit distinct temperature patterns and heat dynamics, are 

influenced by factors such as land use, cloud cover, wind conditions, and experiences an urban 

heat island effect.  

This underscores the importance of implementing strategic interventions to enhance urban 

resilience in the face of climate change and highlight the need for proactive measures to address 

urban heat risk, including the implementation of heat-resilient infrastructure and the 

enhancement of urban green infrastructure.   

Perhaps by considering these interventions, Maldivians have a chance to face and perhaps even 

thrive amidst the inevitability of rising temperatures, creating a cooler more comfortable urban 

microclimate for its population in the coming decades. 
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