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Abstract

:

Rapid urbanisation is affecting people in different ways, with some becoming more vulnerable to the impacts of climate change. Africa’s cities are projected to be home to nearly 60% of the continent’s population by 2050. In conjunction with climate change, these cities are experiencing critical environmental challenges, including changes in the urban thermal environment. Urban areas generally exhibit significantly higher air and surface temperatures than their surrounding rural areas, resulting in urban heat islands. However, little has been done to synthesise existing knowledge and identify the key research gaps in this area, particularly in Africa. This paper focuses on the combined effects of urbanisation and climate change on the urban thermal environment in Africa, and provides a comprehensive review of results, major advances and the dominant direction of research. Our review of 40 publications from peer-reviewed journals from 2000 to 2021 revealed that South Africa, Ethiopia and Nigeria were most frequently studied, and satellite imagery-based data and analysis were used predominantly. Results from a few studies have shown the practical implications for urban land-use planning, informal settlement management, human wellbeing and productivity, energy use, air pollution and disease spread. Integrated approaches, strengthening planning institutions, and early warning systems are proposed to address climate change. Low-income groups are emphasised in efforts to help people cope with heat stress. Solutions based on land use and land cover dynamics and blue–green infrastructure are mentioned but are in need of further research. Cities with similar patterns of urbanisation, geographies and climate conditions could benefit from multi-disciplinary research collaboration to address the combined impacts of rapid urbanisation and climate change.
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1. Introduction


1.1. Global Urbanisation and Climate Change


Urbanisation is a global phenomenon. The proportion of the world’s population living in urban areas was only 30% in 1950 but reached 55% in 2018, and is projected to be 68% by 2050 [1]. These dramatic shifts have substantial impacts on people, the environment and development [2], across local, regional and global scales [3,4]. Changes include air and water pollution [5,6], land use [7], biodiversity loss [8], and ecosystem degradation [9,10,11], while carbon emissions from cities and associated land use changes are becoming an important driver of climate change [12]. This urban growth dynamic is not homogeneous, and urban expansion patterns differ markedly across developing countries [13]. By 2050, the number of urban dwellers will increase by 2.5 billion, with nearly 90% of this growth happening in Asia and Africa [1].



Africa is experiencing rapid population growth (Figure 1), especially in the East and West (Figure 2). According to the OECD [14], approximately 4500 new cities emerged in Africa between 1990 and 2015. In parallel, urban populations grew by approximately 500 million people between 1990 and 2020. Urbanisation has boosted economic outcomes and living standards for many; helping hundreds of millions of people to move out of economically under-performing rural areas to benefit from better opportunities in urban centres [14]. Cities in these countries are undergoing dramatic spatial, social, economic and environmental transformations [15,16], due to a combination of multiple factors such as resource availability [17], technological innovation processes [18], the circulation of global capital [19], and the impact of climate change on primary production activities [20,21]. This has meant that as people have moved from rural to urban areas, many cities in Africa have grown in an unplanned manner, with a mix of commercial centres, industrial areas, residential communities, informal settlements and agricultural lands [22,23].



Three major urban forms were detected for African cities in 2015: first, the transitional urban form, characterised by built-up sprawling urbanisation and a decrease in open space, as seen in Accra, Addis Ababa, Bamako, Cairo, Gombe, Ibadan, Khartoum. Kigali, Luanda, Marrakesh and Port Elizabeth. The second type of urban form is the compact-grey form. This kind of city has become even more compact and simple in shape, and includes cities such as Alexandria, Kairouan, Oyo, Tebessa. The third type is the ragged-small form, which is less irregular and complex in shape, with examples including Arusha, Beira, Nakuru and Ndola [24]. Cities under these different urban forms are projected to experience various changes as they expand further, offering the opportunity for more sustainable planning, but also presenting a challenge [1]. Data from the World Bank shows African cities are growing at a rate that is out of sync to real economic growth [25]. Due to rapid rural–urban transformation and the continuous influx of rural–urban migrants, the situation limits cities’ ability to reduce poverty and provide improved standards of living [26]. Despite the economic gains made for many who moved to urban centres, millions of people in the cities of Africa lack access to resources and facilities to meet their essential needs, such as shelter, water, food, health, and education [27]. Over 59% of the urban population in sub-Saharan Africa is estimated to be living in informal settlements [28]. While the fact that cities are perceived to offer more economic opportunities still pulls many people to live in cities. However, doing so increases their exposure to climate impacts [29].



Africa is particularly vulnerable to climate change [29] and extreme temperature increases have been recorded in most of the continent. The rising rate of temperature increases is higher than at the global level, and even double that of some areas [30]. Africa’s climate is highly diverse and variable [30,31,32]. Patterns of temperatures and precipitation are being altered by climate change [33], with increased probability and magnitude of extreme events, such as floods, heatwaves, droughts and storms. Changes in annual temperature and precipitation patterns have been nuanced and variable [34], with increasing and decreasing trends in different subregions. Lower precipitation and higher temperatures will likely reduce crop productivity in large parts of the continent [35]. In West Africa, particularly in the Sahel, prolonged dry seasons, shorter wet seasons, and less regular rainfall are contributing to an increase in migration and displacement [36,37]. Lack of structural transformation in Africa’s agriculture inhibits responses to climate change [38]. Events such as the intense outbreak of desert locust (Schistocerca gregaria) across several East African countries from the end of 2019 to early 2020 [39], posed a major threat to food security and livelihoods in addition to the challenge of direct climate change impacts [40]. With few livelihood options in rural areas, climate change in combination with related challenges like food insecurity creates another factor that can push rural migrants to urban areas [32]. West Africa’s coastal cities face especially worrying risks as a result of climate change. “Storm surges and rain-triggered floods are damaging cities, setting back development, and generating the spread of disease that has killed thousands and displaced millions in Benin, Ivory Coast, Senegal, and Togo” [41]. With 85 million people projected to inhabit the coastal cities by 2050 [42], around 6500 km2 of the coastal areas could be severely degraded by rising sea levels [42,43].



East Africa is often considered one of the most climate-vulnerable parts of Africa [44]. The IPCC regional climate report for Africa suggests that mean annual temperatures (1995–2014) are on average, 0.6 °C, 1.1 °C and 2.1 °C warmer than the 1994–2005 average, at 1.5 °C, 2 °C and 3 °C of global warming above the 1850–1900 period [29]. The intensity and frequency of unusually hot days are projected to increase from global warming level (GWL) 2 °C [29]. Compared to the period 1985–2005, the possibility of cities in this region being exposed to dangerous heat grows by 2000 times at GWL 4.6 °C [29]. Based on Statistical Global Climate Models (GCMs) and Down-Scaling Models (SDSM), the projected climate in East Africa shows an increase in maximum and minimum temperature throughout the 21st century [44]. Haile et al. [45] noted that the drought area in East Africa is projected to increase by the end of the 21st century by 16%, 37%, and 54% under Representative Concentration Pathways (RCPs) 2.6, 4.5, and 8.5, via an ensemble of five GCMs in the Coupled Model Intercomparison Project (CMIP5). Growing cities will be hotspots of heat-related risks from climate change, as modification and changes in land use and land cover (LULC) during urbanisation processes intensifies the urban heat island (UHI) effect, and subsequently, exacerbates current and projected heat stress [46]. This is particularly concerning in newly developing urban areas such as East Africa, which is the least urbanised region but with the strongest growth trend [47]. Based on time series observations, a significant rising trend in temperatures has already been recorded in some East African cities. Urbanisation processes, both in terms of urban densification and urban sprawl, will increase the intensity or magnitude of UHIs [48,49], which is expected to place additional stress on health and economic systems in the context of climate change [50]. Thus, it is crucial to investigate urbanisation and climate change together in rapidly changing regions such as East Africa and West Africa.




1.2. Urban Thermal Environment


Due to the combined effects of climate change and rapid urbanisation, the urban thermal environment in African cities is undergoing dramatic changes. Warmer temperatures and increased frequency of extreme events associated with climate change exacerbate how the urban thermal environment is affected by anthropogenic processes [51]. Increasing impervious surfaces and decreasing blue and green spaces in and around urban areas reduce atmospheric moisture contributed by evaporation and transpiration of latent heat flux of urban areas [52,53,54,55]. Urban thermal environment dynamics and impacts can vary significantly with complex interactions between biophysical variables (e.g., breeze circulation, relative humidity, vapor pressure and soil properties) [56,57]. Furthermore, urban areas change the albedo and nocturnal radiation [58], while urban transportation contributes to greenhouse gas emissions that are likely to increase the local temperature [59].



A typical feature associated with urban thermal environmental changes is the formation of the urban heat island (UHI) [60]. UHI refers to the phenomenon of higher urban temperatures than the rural surroundings and affects temperatures in the air and at the surface [61]. Urban inhabitants can be more susceptible to higher heat-related risk than rural residents due to UHI [62]. In 2100, over 300 million African urban residents are projected to be exposed to 15-day heat waves over 42 °C. If we also consider the UHI, this number could potentially be up to 950 million [63]. Higher temperatures can have direct effects and acutely impact the health of vulnerable populations, such as children, the sick, and the elderly [64]; and compound indirect impacts related to productivity loss, disease spread, water shortage, and energy supply disruptions [65]. Additionally, high temperatures exacerbated by UHI will accelerate the formation of urban pollution islands with smog and polluted air [66], exacerbating respiratory diseases [67]. African countries are generally vulnerable to increasing temperatures [50]. These climate impacts have an economic cost and cause a reduction in GDP [68]. Parkes et al. [50] projected that the extra cost in energy consumption to prevent heat stress will be $51.3 billion in Africa between 2005 and 2035, rising to $487 billion by 2076. If meeting the additional energy demand, the whole energy system will raise its cost by 0.6% from 2005 to 2076, which accounts to 0.06% of the GDP in Africa over the same period [50].




1.3. Data Analysis and Tools


The urban thermal environment has traditionally been investigated by using meteorological data, as long-term local monitoring records are particularly important to capture temporal climate variability [69]. For instance, national weather services operating monitoring networks provide historical and current meteorological data in Europe, including information on air temperature, atmospheric pressure, wind speed, humidity and precipitation [70]. For the investigation of small-scale variations, sensors and observational networks have been established to investigate built environment impacts in the urban canopy layer [71]. However, establishing and operating a high-quality monitoring system is often time consuming and expensive, which has led to data scarcity in some regions, such as Africa [72]. Stewart [73] found that less than 5% of the 177 urban climate studies identified focused on African cities.



Temperature maps have nevertheless become more commonly available with advances in thermal infrared and multispectral remote sensing, which provides various-resolution surface temperature distributions to visualize both hot and cold surface spots [74]. A wide range of remote sensing data can give important insights into the spatial dynamics of thermal environment changes, especially in areas with rapid urban expansion and low-density monitoring networks. Examples include observations with the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard the Terra and Aqua satellites, which provides land surface temperature (LST) observations with a spatial resolution of 1000 m, or Landsat data with more precise 30/60m resolutions (Table 1), with increasing datasets becoming available with the launch of new satellites and improved sensors (Figure 3 [75,76]). The National Aeronautics and Space Administration (NASA) and European Space Agency (ESA) now provide free access to data archives, which is promoting and inspiring development of new techniques globally [71,74]. It is worth noting that satellite-based thermal data surface temperatures are different from air temperatures [70]; and the interpretation and fusion of the different data sources can be markedly different [76]. Beyond meteorological observations, remote sensing provides various data for investigating urban structures, land cover, and biophysical characteristics [74]. These urban characteristics are extremely important in understanding the urban thermal environment, especially the relationships between LULC and vegetation indices [77]. Existing remote sensing-based data enable the investigation of temporal and spatial patterns, as well as thermal characteristics, although observations in specific areas can remain challenging. For instance, in the intertropical convergence zone (ITCZ)-dominated regions, cloud contamination may last for several months, resulting in long gaps in useable datasets [78]. These observation challenges are now partly overcome by advanced algorithms via cloud-based platforms (e.g., Google Earth Engine, Planetary Computer), enabling further research.




1.4. Urban Thermal Environment Analysis at Different Scales


Different scale models, based on various data sources, have become fundamental for understanding urban climate processes. Targeting past urban climate dynamics and/or future climate development scenarios, urban climate model simulations can support urban planners to develop optimally cost-effective and science-based solutions for sustainable urban development [79,80]. There is a wide spectrum of models for estimating and describing urban issues on different spatial scales. Regional-scale models have been used to evaluate climate and land use change effects on urban climate across both short-term and long-term temporal scales. These models also enable researchers to understand processes on different spatial scales and interactions with mutually interlinked components (e.g., the atmosphere, land, water bodies, and anthropogenic emissions) [81]. The major aim of regional scale models is to parameterise urban processes to include the modifications in energy balance, which are often unable to provide sufficient information for certain urban development plans [82,83]. City-scale models focus on the area of one or a few cities, which enable the simulation of atmospheric and surface processes to meet specific needs for urban planning and climate adaptation strategies [84]. City-scale models can help identify and anticipate critical zones of climate risks to improve sustainability and resilience in urban areas and can serve to support urban-scale UHI mitigation strategies (e.g., improving urban ventilation, blue-green infrastructure management, air pollution monitoring) [84,85,86,87]. Furthermore, other crucial parameters related to urban thermal environment and thermal comforts, such as building heights and orientation, surface materials, vegetation and tree planting scenarios, wind speed and direction at street level are often simulated via building-scale models [72,88]. For urban thermal environment studies, building-scale models are commonly used with city-scale models [84,89].




1.5. Current Research Status


Currently, there is a strong geographic bias in investigations of the impact of climate change and urban growth on the thermal environment. Europe, North America and China are the main areas of study [62]. A limited amount of research has been conducted in regions that are most threatened by and vulnerable to climate change [62], such as Africa. IPCC indicated, “Africa’s rapidly growing cities will be hotspots of risks from climate change and climate-induced immigration, which could amplify pre-existing stresses related to poverty, informality, exclusion and governance [29]”. Even though work in Africa has begun to consider how to reorient unsustainable urban growth patterns, research efforts still need to focus more strongly on the urban thermal environment for specific regions, particularly because the current pace of urbanisation offers a very time-limited opportunity to move toward sustainable development in the context of global climate change [29]. In this paper, we focus on Africa’s urban thermal environment under the combined effect of urbanisation and climate change and reviewed available literature between 2000 to 2021 from Web of Science. Our aim was to identify gaps in current research and to highlight important remaining research questions on the combined effect of urbanisation and climate change on the urban thermal environment in Africa.





2. Materials and Methods


2.1. Aim


The aim of this review is to identify gaps in the literature and opportunities for further research on the combined effects of urbanisation and climate change on the urban thermal environment Africa. To do this, we asked: (1) What is the geographic spread and scale of focus in investigations into the combined effects of urbanisation and climate change on the urban thermal environment? (2) Against the background of climate change and rapid urbanisation, what are the specific drivers of changes to the urban thermal environment in Africa? (3) How have urban thermal environment change related risks been studied in Africa? (4) Targeting on urban thermal environment changes, how have the adaptation strategies for different groups been studied in Africa?




2.2. Method


In order to explore the urban thermal environment from a wider viewpoint and gather various conceptualizations from diverse fields of research, a semi-systematic literature review approach was used for this paper [90,91,92]. We decided against undertaking a systematic literature review, as that only addresses a particular question or looks into a critical factor in the research field and was considered too restrictive [90,91,92]. Following the Collaboration for Environmental Evidence 2018 guidelines [62,93], Web of Science was searched for the period 2000 and 2021. The year 2000 was selected as the earliest point in the literature search given increased international attention on sustainability issues that were associated with the Millennium Development Goals (MDGs) [94]. The MDGs evolved to become the Sustainable Development Goals (SDGs) in 2015 and have a deadline for their achievement of 2030 [94]. Terminology related to urban thermal environments include air urban heat island, urban cool island, temperature. Thus, the search terms “urban heat island” or “UHI” or “urban cooling” or “urban heat” or “urban thermal” or “urban temperature” or “urban climate” or “city temperature” or “city climate”, combined with “urbanisation” or “urbanization” or “land use” or “urban growth” or “urban expansion” or “urban development” or “urban densification” and “Africa” and “climate change” or “global warming” or “changing climate” were used.



There were 631 articles returned from the Web of Science Advanced Search function. These articles were recorded and stored in the referencing software Endnote, and then were filtered twice for inclusion in the relevant list [93]. First, title and abstract screening were conducted to generate a list of potentially eligible articles, then the full texts were acquired and examined. Following this process, 64 articles were selected, and reduced to 38 articles after screening the full article. The reference lists of the retained articles were then checked, from which two articles were found to be eligible for inclusion according to the review criteria, resulting in a final list of 40 relevant articles.



For an article to be considered relevant, it had to: (1) Examine the effects of climate change and urbanisation on the urban thermal environment in Africa. (2) Have been published in English in a peer-reviewed journal included on Web of Science. (3) Measure a change in the thermal environment, which could include mention of heat island or temperature. (4) Include the combined effects of climate change and urbanisation. (5) Could cover different research foci, i.e., it could consider a city’s temperature change due to the rapid urbanisation process under climate change or a city’s UHI/temperature change due to climate change and also consider the trend of urbanisation.



Articles were not included if: (1) They were global scale analyses that only mentioned Africa. (2) They only focused on urbanisation, without considering climate change impacts. (3) They solely focussed on climate change.





3. Results and Discussion


3.1. Study Distribution


3.1.1. Urban Thermal Environment Studies at Regional Scales


Urbanisation processes and climate change were associated with the urban thermal environment. Increased temperatures were described in most sampled articles. The focus of most research at a continental level was the combined effect of climate change and urbanisation processes for African cities’ thermal environments associated with projections under different shared socio-economic pathways (SSP). Under the “sustainability” pathway (SSP 1) and low relative levels of climate change (RCP 2.6), the potential number of urban dwellers exposed to heat waves by 2100 will be 310 million (ranging from 111 to 608 million) excluding the extra heat from UHI. Under SSP 4 (“inequality”) with climate impacts under RCP 4.5, the high-end exposure level will reach 2.0 billion including extra heat from UHI [63]. For 173 large African cities, and depending on the different SSPs considered, urban dwellers’ under the extreme heat across the continent are predicted to increase 20–52 times, reaching between 86 and 217 billion person-days per year by the 2090s [95]. The most exposed cities will be located in Western and Central Africa, while exposure in several East African cities will increase over 2000 times from the current level by the 2090s [95]. Other authors suggested that further warming of 1.5 °C may double or even triple the climate change impacts that are currently experienced in African cities [22]. Smit and Parnell [96] indicated that rapid population growth combined with weak urban management capacity exposed African cities to the threat of ecosystem deterioration and climate change, which might seriously affect health conditions for urban dwellers. In general, the synergistic interaction between dangerous heat and rapid urban population growth in African cities has rarely been experienced during the historical period but will potentially pose significant impacts on the future urban thermal environment and cause/exacerbate heat stress [22,63,95,96].




3.1.2. Urban Thermal Environment Studies at City-Scales


At the city-scale, most studies on the urban thermal environment focused on LST (n=13), while six of the papers examined surface urban heat islands (SUHI), two studied the surface temperature, and one paper studied the air UHI. Figure 4 demonstrate the Distribution of cities identified in the literature review, Table 2 illustrated time series studies with corresponding methods and tools. The SUHI was found to have increased in Accra, Ghana [49], Addis Ababa, Ethiopia [97,98], Akure, Nigeria [99], Dar es Salaam, Tanzania [98], Kampala, Uganda [98,100], Khartoum, Sudan [98], Nairobi, Kenya [98], Pietermaritzburg, South Africa [101], and to have decreased in Cairo, Egypt [56]. Only one study presented an air UHI study, whereby the air UHI was detected to have increased during the study period in Kano, Nigeria [102]. For LST derived from remote sensing-based analysis, Addis Ababa, Ethiopia [103,104], Bobo-Dioulasso, Burkina Faso [105], Buffalo, South Africa [106], East London, South Africa [107].



eThekwini, South Africa [106], Freetown, Sierra Leone [108,109], Harare, Zimbabwe [110], Tshwane, South Africa [111], Bo Town, Sierra Leone [108], Gaborone, Botswana [112], and Nelson Mandela Bay, South Africa [106] all detected increases during their study periods. For surface temperature based on local meteorological data, Bo Town, Sierra Leone [108], Cape Town, South Africa [113] were all found to have increased during their study period.



Studies at regional scales tend to use data from climate models and remote sensing estimation and projection [22,63,95]. Research at the city scale generally is based on remote sensing data, especially the Landsat and MODIS products for analysing LST and LULC [49,56,104,107,110,111,112]. When considering urbanisation processes and the impacts of climate change on the urban thermal environment, changes through time were found in most study cities. Such changes commonly included an increase in UHI magnitude and intensity, and absolute changes in temperatures. Unlike air UHI which is more often studied globally [62], SUHI research dominates most studies in Africa. This is partly because of the historical data scarcity that therefore hampers air UHI research. One drawback of this is that the resolution of climate models and remote sensing outputs tends not to be fine enough to identify some of the differences in urban land cover [63]. Along with low-cost measurement equipment for local data collection [72,114], it is more achievable to synthesise remote sensing data and fieldwork data to describe the thermal complexity of urban environments. The impacts of climate change and urbanisation processes on the urban thermal environment have been described at the continental scale, and some cities have seen detailed analyses from different aspects. However, there have been few comprehensive analyses across multiple cities with different altitudes, locations and different climate zones.





3.2. Drivers of Changes to the Urban Thermal Environment


Urban thermal environment dynamics were associated with land use and land cover (LULC) changes as well as seasonal variations. Climate change was noted to play a role in exacerbating or bringing about heat stress and other disasters, particularly increasing disaster vulnerability of low-income urban dwellers.



3.2.1. Land Use and Land Cover (LULC)


In Harare, Zimbabwe, coverage of high-density built-up areas increased by 92%, with 75.5% of green spaces lost between 1984 and 2016 [110]. This contributed to a 1.0 °C and 2.0 °C temperature increase, largely attributed to LULC changes and climate change [110]. In Tshwane, South Africa, findings reveal that impervious surfaces and vegetation have experienced changes between 2003 and 2013 [111]. Although urban expansion is considered as a starting point for growth and prosperity, these changes have caused ecological and hydrological disturbances, further increasing water insecurity in urban areas [111]. In Akure, Nigeria, the built-up area increased from 4094 to 12,779 hectares between 2000 and 2018, at the expense of vegetated land. The observed difference in maximum and minimum temperatures between 2000 and 2018 was found to be 27.9 °C. The author explained this potential because of the paucity of satellite image samples due to cloud contamination [99]. The urban temperature in Kano Metropolis, Nigeria increased from 26.0 °C in the 1980s to 27.7 °C in 2018. This nearly 2.0 °C temperature increase followed the expansion of the city from 39 km2 in 1986 to 256 km2 in 2018 [102].



Findings from Addis Ababa show that the urban area has experienced dramatic LULC structural changes and LST has grown more intense with a substantial loss of the green fraction of the city [97,104]. In Addis Ababa, built-up surfaces increased 338%, with growing aggregation of daytime high temperatures from 1985–2010 [97]. The rise in minimum night-time temperature (1.5 °C) in the city centre has also been observed between 1960 and 2001 [97]. Related to urban climate change prediction of UHI formation under A2 (a scenario under increasing global population, accompanied by a disjointed and slow economic growth) and B2 (a scenario under a continuous basis population growth, accompanied by an intermediate level of economic growth) emission scenarios, the night-time SUHI will be more intense in the winter/dry season period within the city. The highest urban warming is from October to December and is projected to rise 2.5–3.2 °C between 2050 and 2080 [97]. The findings for daytime LST did not strongly support thermal differences in the context of urban–rural divides [103], while night-time SUHI was detected with notable thermal gradient decreases from the centre to suburban areas [97]. This contradiction in the literature can be explained either in relation to the diurnal variation of urban thermal environments, or the different methods used in the two studies.



In Pietermaritzburg, South Africa, SUHI varied in different seasons in response to the differences in LULC changes during the different periods studied. Dense vegetation and low-density buildings had the most thermal influence during summer, while bare surfaces and dense vegetation had the most thermal influence during winter [101]. This can be attributed to different surfaces having various albedos, evapotranspiration and vegetation shadows, causing seasonal thermal differences [101]. In Bobo-Dioulasso, Burkina Faso, the magnitude and pattern of denser urban land use doubled by almost 7800 ha from 1991 to 2013, with an average annual growth of 6% in LST differences between urban and peri-urban areas. The urban and peri-urban area LST differences presented seasonal variation over the same period: average LST difference in the “wet and cool” period was 0.8 °C and in the “dry hot” period was 1.4 °C [105].



In East London, South Africa, Orimoloye et al. [107] observed that vegetation cover declined by 359 km2 and built-up area increased by 176 km2 between 1986 and 2016. This derives from the dramatic change in the urban surface characteristics, including LST and urban surface solar radiation. LST was positively connected with built-up areas and open surfaces, while negatively correlated with the vegetation fraction. In particular, the highest LST was detected around the built-up areas followed by open surfaces across the study period. The findings suggest that vegetation could control or influence LST by correlating with the surface radiative, thermal characteristics, and moisture attributes [107]. In general, LULC and climate change introduce additional ultraviolet radiation and excessive heat, and result in negative health impacts for urban dwellers. Actions should be taken to predict and prevent these changes. Remote sensing and GIS provide low cost and efficient change detection opportunities to make this possible, while specific strategies, such as suitable blue and green infrastructure, can be considered.



A comparative study in Bo Town and Freetown, Sierra Leone, showed significant changes in LULC from 1998 to 2015. Bo Town saw a 16 km2 increase in built-up area and 14 km2 decrease in dense vegetation, resulting in an increase in average surface temperature from 24.9 °C to 28.2 °C. During the same period, Freetown’s agriculture area decreased by 114 km2, dense vegetation decreased 23 km2 and built-up area increased 77 km2. LST increased from 23.7 to 25.5 °C [108]. Another comparative study in eThekwini, Buffalo City and Nelson Mandela Bay, South Africa found the compact built-up and dense vegetation areas had the highest and lowest temperatures. Low vegetation areas like agricultural land and open urban public parks were found to be more efficient in UHI mitigation than moderately built-up areas (with impervious surfaces and scatted grown trees) [106]. Furthermore, due to the large proportion of impervious surfaces, eThekwini was more vulnerable to UHI and had higher relative vulnerability to climate change and related impacts than the other two cities [106]. In general, while some studies have compared LULC and LST in different cities, usually those cities were relatively near to one another. There is less research that compares cities across different climatic zones.



Built-up areas often increase in parallel with declines in vegetation cover (particularly in forest areas, vegetation cover, and agricultural lands) [97,110]. The important roles of green and blue spaces in regulating the urban thermal environment are described in several studies. Research in Kano, Nigeria suggested that urban green and blue space is under threat due to rapid urban expansion and poor planning [102]. This situation is causing changes in urban form and local climate presents enormous challenges. In Harare, Zimbabwe, greenspaces transformed to low–medium residential areas increased local temperatures by 0.16 °C [110]. Findings in Bobo-Dioulasso, Burkina Faso, also show that LST in green spaces was detected to be lower than in adjacent impervious, urbanised areas [105]. Research in Cairo, Egypt, examined an area before and after introducing urban trees with changes detected via parametric simulation (air temperature, mean radiant temperature, relative humidity, and physiological equivalent temperature), proving that the green infrastructure could mitigate climate change and the UHI effect [115].




3.2.2. Building Materials


Apart from LULC, the building materials affect the urban thermal environment by altering surface energy balance through affecting net all-wave radiation and heat storage in surface properties [116]. A study in Ouagadougou, Burkina Faso et al. [58] suggested that the use of non-local building materials has increased and that this has affected the local urban thermal environment. Local building materials, such as clay brick and thatch, usually present similar thermal characteristics to the natural surroundings. Rapid urbanisation leads to increased reliance on non-local materials (predominantly concrete, asphalt), together with more paving and increasing building height and density, reducing albedo and increasing heat storage, causing higher night-time temperatures [58]. Corrugated metal, a typical roofing material in highly populated areas and informal settlements, was found in the city of Kampala, Uganda, according to field-based investigations [72]. Corrugated metal improves a building’s thermal capacity and conductivity while reducing thermal emissivity [72]. These studies confirmed the potential of using different building materials to regulate the urban thermal environment and mitigate UHI, especially under climate change futures where heatwaves are expected to become more frequent and intense.




3.2.3. Morphology


Urban morphological characteristics have received more attention in recent years. Studies in Addis Ababa and Dar es Salaam found land surface cover differences associated with surface temperatures up to 25 °C. Compared to climate change projections with changes of less than 1.5 °C, morphological change across cities could affect surface temperatures much more [116]. For African cities, Marcotullio et al. [63] suggested the possibility that more compact urban forms present higher temperatures than sprawled urban forms, but also emphasised that further research is needed to assess the impact of urban morphology on heat exposure. Thus, it is important to conduct research across a wide variety of cities with different levels of compactness/sprawl.




3.2.4. Other Factors


Several other factors were mentioned in the different studies that were reviewed. The urban cooling effect of vegetation depends on both vegetation density and its altitude. Feyisa et al. [103] noted the association between vegetation-LST and altitude, and the influence of altitude on surface temperature is relatively higher than the influence of vegetation in Addis Ababa, Ethiopia. There was a tendency that regardless of the vegetation density or cover, higher altitudes typically experience lower temperatures in certain areas [103]. This would suggest that it is important to consider the altitude of different locations when explaining the spatial distribution of UHI.



A comparative analysis conducted in Sierra Leone’s Freetown and Bo Town found that Freetown had a larger population size and greater built-up expansion rate than Bo Town but was 2 °C cooler [108]. Such low temperatures are associated with the proximity to the sea and a high proportion of vegetation surrounding the city. Increased surface wetness reduces the temperature via increasing evaporation and latent heat transfer [108], which would explain this finding.



Van de Walle et al., [72] suggested that the measurement methods used also affect the reported changes in the urban thermal environment. Their study recorded the urban canopy parameters during the boreal summer months and generated a local climate zone (LCZ) map for 2018. The derived site-specific data were used as input fields to an urban parametrisation scheme integrated in the regional climate model COSMO-CLM, which reduced the bias, and the surface temperature decreased from 5.3 to 4.0 K [72]. This is because the description from universal remote sensing based approaches and site-specific information on typical urban physical characteristics (e.g., building heights and canyon widths, building materials) could be different [72].



Seasonal variations can affect the urban thermal environment. For Cairo, Egypt, autumn was the only season that exhibited an increase in the SUHI intensity and magnitude from 2003 to 2019. This may largely be driven by pollution linked to burning of rice straw after harvesting, which is concentrated in agricultural areas [55]. Another possible reason is the deterioration of air quality as a consequence of severe dust and sandstorms in the Arabian Peninsula [56]. Such aerosols and atmospheric pollution combine and contribute to absorbing and re-emitting longwave radiation, hindering the cooling from a radiating surface and increasing air temperature and SUHI intensity [56].



LULC changes are an important driver, associated with climate change-related heat stress and health challenges, accelerating the vulnerability of groups already exposed to other risks. The relationships between built-up area density and the urban thermal environment are not given sufficient attention, which could result in underestimating heat-related risk in the densest, hottest, most vulnerable parts of the city [62]. Within the city, urban morphology provides valuable opportunities for researchers to investigate multifaceted urban sustainability, but there has been little research on this in African cities. This scant research attention might be due to local data scarcity. With the development of information technology and a common framework of application, research is needed to understand urban morphology and its connection to urban resilience and sustainability dynamics.





3.3. Risks and Solutions


3.3.1. Heat-Related Risks


Climate change and rapid urbanisation trends in relation to the urban thermal environment in African cities are important in terms of temperature increase and heat exposure, but also in terms of their potential indirect and synergetic effects [63,117]. Moda et al. [118] focused on the wellbeing of urban outdoor workers and found if outdoor workers are exposed to extreme heat, they will face the direct heat stress, while indirect health hazards include exposure to rising hazardous chemicals and other vector-borne diseases. Research in Durban, South Africa found that due to the combined effect of climate change and urbanisation, heat stress will affect more months in each year and increasingly affect a larger area [119]. A study in Ibadan, Nigeria, found that human responses to urban thermal environmental changes with increasing temperature involve dehydration, sweating, heat rash, heat exhaustion, headaches and sleep disturbance. Other heat-related effects include fainting, diarrhoea, raised blood pressure, and restlessness [120]. Radiation in East London, South Africa increased over thirty years (1986–2016) with values reaching above level ten in 2016, which was signified as extreme exposure (possible health effects: skin cancer, cardiovascular disease, heart stroke, and heat stroke) by the WHO and exceeded the same period’s global solar radiation index [107].



Increasing ultraviolet radiation introduces risks of heat stroke, skin cancer, and heart disease, especially among the elderly, children and individuals with existing diseases [107]. Van de Walle et al. [72] highlighted the presence of higher air temperatures in informal settlements among sub-Saharan African cities, indicating the heterogeneous heat-stress vulnerabilities and hazards. Higher heat exposure and vulnerability from 2016 to 2065 have been detected and projected in informal settlements in Durban, South Africa [119]. Additional heat-related public health risks indicate that high temperatures increase water usage for physical cooling and bathing, and this could result in increased illnesses associated with poor water quality, such as cholera [121]. Insufficient ventilation and warm weather conditions also push people to stay outdoors during the evening, which could expose them to malaria risks, while staying indoors could potentially increase heat exposure and promote people to remove mosquito nets [121].



Increased temperatures can also increase the possibility of drought. When surface temperatures increase, vegetation stress is higher. This is because there is less water in the soil for plant transpiration. The cooling effect provided by plants will be potentially reduced, leading to further increasing temperatures and extending the drought and further influencing its spatial distribution [109]. A study in Cape Town, South Africa predicted that along with a significant temperature increase of 1.9–2.3 °C in 2060, the water balance is simulated to undergo a decrease of about 8.6% per year. Some city suburbs are more susceptible to groundwater contamination, surface runoff and rising temperatures [113]. The demand for public services such as water and electricity could outstrip the supply and cause severe shortages during episodes of extreme heat [122]. The literature also mentioned similar challenges during flooding, as water is susceptible to contamination, and electricity is often disconnected. An increasing body of work is looking into the nexus between water, energy and food in order to make interconnected systems more resilient [123].




3.3.2. Solutions


Several studies emphasise the importance of curbing climate change and addressing the socioeconomic influences on Africa’s urban heat exposure [22,63,96,124]. Borneman et al. [124] used an interdisciplinary consultation process to define and analyse a set of decision-oriented metrics, involving the critical East African sectors of agriculture, water supply, fisheries, flood management, urban infrastructure and urban health. Based on multi-model climate projections, the approach provides a collection of user-focused information on climate change and its uncertainties [124]. The study in Kano, Nigeria, discusses integrated approaches to address climate change and notes that urban policymakers should increase urban adaptation planning expenditure and strengthen urban planning institutions [102]. It is further necessary to consider risks and vulnerability simultaneously for addressing heat-related hazards in cities. The heat risk framework developed by Jagarnath et al. [119] helps to target heat risk distribution and provides an early warning from socio-economic, demographic and infrastructure aspects. Many African cities lack early warning systems, however. Local governments could use such a framework to prioritise interventions in social services, infrastructure delivery and resource planning, and identify hotspots of heat vulnerability. Interventions can include improved planning of blue-green infrastructure. However, further research is needed as to which types of urban blue-green infrastructure are most suitable in different cities across different climate zones.



There is not sufficient literature documenting the ways in which urban thermal environment changes influence different groups. Substantial progress in addressing equity and equality issues towards a number of the MDGs and SDGs was not universal [94]. Low-income groups are underexplored and should be prioritised in coping with heat stress, prioritising thermal comfort and preventing heat-related health effects [125]. Pasquini et al. [121] pointed out that rising temperatures due to climate change will threaten human health in Dar es Salaam as the city is expected to reach extreme temperatures. However, the relationship between heat and health is not sufficiently a priority, even if residents in informal settlements are characterised by high exposure, high sensitivity and low adaptability [121]. A study in Ibadan, Nigeria emphasised that people’s heat–health awareness and thermal perception should be promoted when developing thermally comfortable environments [120]. Popoola et al. [99] suggested that residents were aware of climate change and UHI, but their understanding was superficial. They do not know about the causes and effects of climate change and UHI, nor do they understand measures that can be taken to ameliorate its impact. Thus, they recommended community awareness programs, as well as integrating climate education into the curriculum of schools and higher learning [99].



Studies that mentioned the impacts of LULC dynamics on the urban thermal environment also proposed LULC solutions. A study in Harare, Zimbabwe suggested that the conversion of bare areas to water bodies could lower 4.5 °C surface temperatures [110]. Low–medium residential areas converted from green spaces could increase surface temperatures by 0.2 °C [110]. Hugo and du Plessis [126] suggested taking advantage of morphological characteristics in interstitial spaces in Hatfield, South Africa. Parking and rooftops were the most prevalent and relatively effortless space types amenable to retrofitting, with significant climate change adaptation and mitigation potential if appropriately retrofitted [126]. Odindi et al. [101] suggested considering the thermal distribution based on LULC seasonality changes. Leo et al. [105] highlighted seasonal phenological differences due to rainfall patterns for maximising temperature regulation benefits.



Research on preserving vegetated areas is often mentioned, as most African cities encourage higher housing densities and infill developments that lead to the loss of green spaces [105]. Dissanayake et al. [104] suggested that urban development planning should be green-oriented, aligning with SDG 11. Urban trees could regulate the microclimate of urban areas through solar irradiance reduction [115]. In Cairo, Egypt, a study found that an optimised structure of urban tree canopies could reduce the ground surface irradiance flux, indicating their potential to mitigate the UHI effect [115]. In Addis Ababa, Ethiopia, a study suggested prioritising green infrastructure in the current urban renewal strategy [116]. The conversion of dense informal settlements into formal planned housing should consider the future temperature regulation services [116]. For Dar es Salaam, the challenge is to maintain the large proportions of green spaces to provide temperature regulation services into the future [116]. In tropical savannah climate cities, such as Bobo-Dioulasso, Burkina Faso, green infrastructure might require additional water for irrigation [105]. Blue infrastructure thus could maximise the cooling effect of green infrastructure by providing an irrigation water supply from stormwater harvesting and recycling greywater [105].



Human management of the urban environment plays a key role, in particular linking to blue–green infrastructure. Urban expansion should be planned to protect the structure of green and blue spaces, minimize the ecosystem service losses associated with losing green spaces, and increase and attach importance to, planning of green spaces as rapid urban development occurs. Compared with other regions, many cities in Africa are undergoing rapid blue–green infrastructure loss due to their highly dynamic and novel urban forms and this trend needs to be reversed [127,128]. blue–green infrastructure has been identified as an efficient tool for regulating the urban thermal environment. The practice of combining the ecosystem services linked to blue–green infrastructure’s function in managing multiple aspects (air pollution, flooding, disease spread) and how to implement blue–green infrastructure to help the most vulnerable groups within cities (informal settlement residence, children, outdoor workers) has been seldom studied, while the challenge remains to incorporate it into policy and decision making. Future research is needed to better understand how to implement the systematic integration of blue–green infrastructure concepts into urban planning [127].






4. Conclusions


Climate change and rapid urbanisation are combining to quickly change urban thermal environments in Africa, with implications for the long-term sustainability of cities, and the health of their residents. Despite this, there are still substantial evidence and research gaps. Here we highlight four key issues.



There is a significant research gap in understanding spatial and temporal variations in SUHI across different climate zones. This requires more in-depth and interdisciplinary studies towards urban thermal environment regulation and land resource utilization in diverse urban settings under different climatic conditions.



Our review has identified a strong geographic bias, with most studies conducted in South Africa. Due to the emergence of dangerous heat conditions combined with rapid urban population growth, cities in East and West Africa therefore require more attention [63]. As these regions are also most threatened and vulnerable to climate change, fast urban development can drastically intensify the eventual impacts.



Research that quantifies the relationships among built-up area density, configuration, and vegetation on the urban thermal environment in African cities is still limited. This is important because patterns of urban land cover and land use changes are critical factors that influence mitigation or intensification of the UHI.



Although the advantages of blue–green infrastructure include improving urban climate resilience, we found few studies that investigated the practical role of blue–green infrastructure in regulating the urban thermal environment, and mitigating UHI. This means that we still do not know details of the thermal performance of blue–green infrastructure in Africa.



Climate change is adding more unexpected challenges to urban areas in Africa [129,130], from climate-induced flooding, droughts, heatwaves to sea level rise, coastal erosion and storm surges [131,132,133,134]. Even though previous work in Africa has attempted to reorient unsustainable urbanisation patterns, our findings highlight that research efforts need to focus more strongly on the urban thermal environment, particularly because the current pace of urbanisation offers a very time-limited opportunity if development is to happen sustainably within the context of global climate change [29]. Further improved understanding of the urban thermal environment is urgently needed for urban resilience and sustainability.
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Figure 1. Inter- regional comparison of urban population growth, 1990–2005, 2005–2020, 2020–2035, 2035–2050. 
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Figure 2. Global urban population growth, 1990–2005, 2005–2020, 2020–2035, 2035–2050. 
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Figure 3. Timeline for the major urban thermal environment observation satellites launch and associated sensor data availability (adapted from [75,76]). 
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Figure 4. Distribution map of cities identified in the literature review. 
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Table 1. Satellite images for thermal environment studies at urban scale (adapted from [75,76]).






Table 1. Satellite images for thermal environment studies at urban scale (adapted from [75,76]).





	Satellite

Platform
	Sensor
	Dataset Availability
	Spatial

Resolution
	Orbital

Frequency





	Aqua
	MODIS
	2002
	1000 m
	Twice daily



	CBERS 1
	IRMSS
	1999–2003
	160 m
	26 days



	CBERS 2
	IRMSS
	2003–2009
	160 m
	26 days



	CBERS 2B
	IRMSS
	2007–2010
	160 m
	26 days



	CBERS 4
	IRS
	2014–present
	80 m
	26 days



	CBERS 4A
	IRS
	2019–present
	80 m
	31 days



	Envisat
	AATSR
	2002–2012
	1000 m
	35 days



	HJ-1B
	IRMSS
	2008–2018
	300 m
	31 days



	HJ-2A and HJ-2B
	IRMSS-2 (HJ)
	2020–present
	300 m
	4 days



	Landsat 4
	TM
	1982–1993
	Collected at 100 m and resampled to 30 m
	16 days



	Landsat 5
	TM
	1984–2011
	Collected at 100 m and resampled to 30 m
	16 days



	Landsat 7
	ETM+
	1999–present
	Collected at 60 m and resampled to 30 m
	16 days



	Landsat 8
	TIRS
	2013–present
	Collected at 100 m and resampled to 30 m
	16 days



	Landsat 9
	TIRS
	2021–present
	Collected at 100 m and resampled to 30 m
	16 days



	METOP-A, B, C
	AVHRR 2
	2006–present
	1100 m
	29 days



	NOAA 6, 8 10, TIROS-N
	AVHRR
	1978–2001
	1100 m
	Twice daily



	NOAA 15, 16, 17, 18, 19
	AVHRR 2
	1981–2007
	1100 m
	Twice daily



	NOAA 7, 9, 11, 12, 13, 14
	AVHRR 3
	1998–present
	1100 m
	Twice daily



	Sentinel3
	SLSTR
	2016–present
	1000 m
	2016-present



	Terra
	MODIS
	1999–present
	1000 m
	Twice daily
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Table 2. City-scale studies about urbanisation and climate change on urban thermal environment change.
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	City Name
	Country
	Study Period
	Major Data
	Data Processing Tools
	Study Result
	Author





	Accra
	Ghana
	1991, 2002,2017(Landsat)

1980–2017(in-situ)
	Landsat, In-situ
	QGIS
	SUHI increasing
	[49]



	Addis Ababa
	Ethiopia
	1960–2080
	Google Earth, Landsat, HadCM3
	ArcMap10.2, ENVI 4.2
	SUHI increasing
	[97]



	Addis Ababa
	Ethiopia
	1985–2010
	Aerial photos, Google Earth, Landsat, Ground survey data
	Envi 4.8,
	LST increasing
	[103]



	Addis Ababa
	Ethiopia
	1986–2016
	Google Earth, Landsat, spatial population data
	GIS (No specified)
	LST increasing
	[104]



	Addis Ababa
	Ethiopia
	2003–2017
	MODIS
	Global Surface UHI Explorer, GIS 10.3
	SUHI increasing
	[98]



	Akure
	Nigeria
	2000–2018
	Google Earth, Landsat
	ArcGIS 10.5
	SUHI increasing
	[99]



	Bobo-Dioulasso
	Burkina Faso
	1991–2013
	Google Earth, Landsat
	Ilwis 3.8
	LST increasing
	[105]



	Bo Town
	Sierra Leone
	1998–2015
	Google Earth, Landsat, Meteorological data
	GIS (No specified)
	Surface temperature increasing
	[108]



	Cairo
	Egypt
	2003–2019
	Google Earth, MODIS, Municipal digital map
	GIS (No specified)
	SUHI decreasing
	[56]



	Cape Town
	South Africa
	2041–2060
	WorldClim, GCM, Meteorological data
	ArcGIS 10.3
	Surface temperature increasing
	[113]



	Dar es Salaam
	Tanzania
	2003–2017
	MODIS
	Global Surface UHI Explorer, GIS 10.3
	SUHI increasing
	[98]



	East London
	South Africa
	1986–2016
	Landsat
	ArcGIS 10.2
	LST increasing
	[107]



	Freetown
	Sierra Leone
	1998–2015
	Google Earth, Landsat, Meteorological data
	Ilwis 3.8
	LST increasing
	[108]



	Freetown
	Sierra Leone
	2000–2030
	Landsat, Polynomial model
	Envi5.3, GIS (No specified)
	LST increasing
	[109]



	Gaborone
	Botswana
	2000–2018
	Google Earth, Landsat, MODIS, Temperature data
	GIS (No specified)
	LST increasing
	[112]



	Harare
	Zimbabwe
	1984–2016
	Landsat
	ENVI
	LST increasing
	[110]



	Kampala
	Uganda
	2003–2017
	MODIS, Landsat
	Global Surface UHI Explorer, GIS 10.3
	SUHI increasing
	[100]



	Kampala
	Uganda
	2003–2017
	MODIS
	Global Surface UHI Explorer, GIS 10.3
	SUHI increasing
	[98]



	Kano
	Nigeria
	1980–2018
	Landsat, Meteorological data
	ArcGIS 10.3
	LST increasing
	[102]



	Khartoum
	Sudan
	2003–2017
	MODIS
	Global Surface UHI Explorer, GIS 10.3
	SUHI increasing
	[98]



	Nairobi
	Kenya
	2003–2017
	MODIS
	Global Surface UHI Explorer, GIS 10.3
	SUHI increasing
	[98]



	Tshwane
	South Africa
	2013–2014
	Landsat
	ENVI, ArcGIS 10.1
	LST increasing
	[111]
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