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The extent of flooding in vulnerable inland and lacustrine systems can demonstrate the coverage and the magnitude of such phenomenon for policy enhancement. This study examined the extent of flooding due to rising water levels in selected Afrotropical lakes to guide interventions that would sustain the livelihoods of communities affected. The years that were most prone to flooding (2010 and 2020) were used as a baseline in the extraction of changes in spatial extent and area of lacustrine shoreline, and rainfall and satellite altimetry data, using geospatial and remote sensing technologies. The extent of flooding was strongly but insignificantly related (R2 = 0.63; p = 0.07) to the sizes of the studied lakes and the amount of rainfall. Lakes with the smallest surface areas such as Baringo and Naivasha showed the greatest increase in flooding of 52.63% and 42.62%, respectively. Larger lakes such as Lakes Victoria (1.05%), Turkana (3.77%), and Tanganyika (0.07%) had the lowest increases in areal extent. Furthermore, the topography of the lakes studied further determined the residence time and the extent of flooding, such that lakes such as Edward (−0.09%) and Rukwa (−3.25%) receded during the period when other lakes were flooding. The information and data presented here provides the most up-to-date quantification of flooding to support adaptation strategies for inland lake systems and guide policy implementation.
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1 INTRODUCTION
Water resources and wetland ecosystems, including rivers, lakes, swamps, floodplains, and man-made reservoirs, have been endowed to the world by various geological formations and climatic conditions (Delgado et al., 2002). Conversion to intensive irrigation agriculture, population growth, industrial and agricultural pollution, water diversion for drainage, and dam construction have all increased these geographical systems’ vulnerability to the effects of climate change, despite the benefits they provide (Junk, 2002; Benson, 2004). Tropical systems, including wetlands, are among the natural ecosystems with the highest rate of conversion, particularly in Africa (Nilsson et al., 2005). This is due, at least in part, to a lack of data and understanding of their various application values. Due to increased regulation, fragmentation, and other climate change-related scenarios, tropical geological formations are also losing value (Junk et al., 1989; Barbier, 1994). Inland lakes and their associated wetlands play important roles in aquatic biodiversity and ecosystem function, climate modulation, water and food provision for humans and other living organisms, flood regulation, water quality regulation and buffering, and groundwater recharge (Brasseur and Gallardo, 2018). The majority of these lakes are also UNESCO World Heritage Sites, Ramsar sites (Wetlands of International Importance), and Important Bird Areas (IBAs) due to their exceptional universal values (Cooke et al., 2016).
Non-etheless, the lack of data on the state of inland lakes limits their inclusion in major policy processes such as the SDGs (SDGs, Cooke et al., 2016). As a result, these systems do not benefit from associated management objectives, resulting in increased and persistent threats (Youn et al., 2014). To mitigate such unprecedented changes in geological forms, the Millennium Ecosystems Assessment (MEA) called for more research on measuring, modeling, and mapping the ecosystem services that they provide, as well as assessing changes in their delivery in relation to human wellbeing (Carpenter et al., 2006). Ecosystem services research has significantly developed overtime with applicability limitations, hence spatially explicit empirical research is urgently needed to address the insufficiency of information on patterns of ecosystem service provision (Nicholson et al., 2009; McDonough et al., 2017).
Inland lakes in the tropics are an obvious candidate for such research because they are an important component of marginalized communities that are increasingly threatened by natural calamities, land cover changes, human activities and climate change (Welcomme, 2008). The hydro-climatic anomalies resulting from population growth, environmental stressor and unsustainable anthropogenic activities greatly contribute as the causal factors of such threats (Papa et al., 2023). These lacustrine systems provide ecosystem services such as fisheries, transport, employment, cage culture development, freshwater provision, water purification and regulation, groundwater recharge and tourism, in addition to their cultural and spiritual values (Okely et al., 2010; Aura et al., 2020). As part of a collection of related flood-dependent services in complex socio-ecological landscapes, the study of these services captures the kinds of linkages and processes that should be a research priority, from biodiversity through the ecosystem services it produces and on to their contribution to human wellbeing in relation to existing risks and hazards (Hamerlynck et al., 2011).
Knowledge about flooding risks and hazards in relation to inland lakes play a critical role in driving both mitigation and adaptation strategies (Street and Grove, 1976). Water level changes of continental lakes are related to global and regional climate change, land cover changes, and human activities (Mercier et al., 2002). For example, information and data on induced flooding will provide the most recent knowledge from lake receding and retraction dymanics to support adaptation strategies for inland lake fisheries, water, health and other sectors (Trauth et al., 2003; Climate Services Partnership, 2015). The finding of such lacustrine research aims to serve user requirements that later help in developing our understanding of lake environments and related aquatic systems (Vaughan and Dessai, 2014). Apart from assisting in preparation for managing the effects of climate change such as lake level rises and flooding, one of the primary goals of quantifying the extent of flooding will be to provide current climatic knowledge and information that can be utilized to lessen the risk of climate-related disasters and increase welfare (WMO, 2019).
The African continent forms the major block of developing countries where, to date, weather forecast and information on flooding phenomena have not been available, making it difficult to deploy related interventions and services (WMO, 2012). Other potential barriers on the African continent are problems related to the lack of good quality information provided by the scientific community in relation to the needs of various users of aquatic environments (Brasseur and Gallardo, 2018; Papa et al., 2023).
Despite such barriers in the developing countries such as those in Africa, and in especially Eastern Africa, quantification of the extent of flooding and lake level rise could offer various benefits at community and individual levels, and to the environment. In this case, information on the extent of flooding might help vulnerable populations decide on specific crops, as well as the time of planting and fertilizer applications, to limit the impact of climate risk on agriculture (Vaughan and Dessai, 2014). Thus, using prior information acquired from climate services, disaster risk can be mitigated.
Issuance of warnings about the extent of flooding and the magnitude of threats can aid in adequate preparedness efforts, eventually saving lives (Dutton, 2002). Furthermore, data collection on extreme flooding events can aid in improving security and livelihoods (WMO, 2012). Moreover, the risks and extent of flooding damage can be used to raise awareness of the patterns and burdens of many water-related diseases, resulting in lower infection rates (Shafer, 2008). Since tourism activities have been known to occur at the shores of many lakes, knowing the extent of hazards due to flooding could support sustainable development of tourism and adaptation measures. This is due in part to the fact that historical flooding data can be useful for planning tourism infrastructure, locating new resorts, and designing architecture and landscapes (Scott et al., 2011). In general, the determination of the level of flooding in aquatic systems can increase resilience (Leal Filho, 2019).
Floods occurred in the African Great Lakes region in 2020, manifested by rising lake levels and bank overflows; this affected natural resources and livelihoods (Obando et al., 2016; BBC News, 2020). The effects of lake level changes have been studied widely (e.g., Gasse, 2000; Hulme et al., 2010; Hamerlynck et al., 2011; Kolding and van Zwieten, 2012; Jones and Jordan, 2013; Aura et al., 2020). These research found that water level changes influenced lake and fishery productivity, including the time and breadth of breeding, food availability, catchability, the extension of shallow productive inshore zones, and the placement of cage culture facilities.
Previous studies have evaluated the changes in lake water levels in the African Great Lakes region. Some of the studies include and not limited to extreme rainfall events and lake level changes (Odingo, 1962; Mörth, 1967; Birkett et al., 1999); inter-annual lake fluctuations (Mercier et al., 2002); and studies on inland surface waters from space (Guzinski et al., 2014; Papa et al., 2023), among others. However, there is a scarcity of information on the quantification of the extent of flooding on Afrotropical lakes using the years that are most prone to flooding as a baseline information on lake dynamics to guide intervention measures. In this regard, the water level in the African inland lakes rose unexpectedly in either 2010 and 2020. All of the lakes exceeded their boundaries from 2018 to 2021, with disastrous consequences such as shoreline infrastructure (ports and fish landing sites), homes, and farmland; but with lack of information-based spatial planning on the extent of flooding. The negative consequences were more pronounced in the developing world, particularly in Africa (BBC News, 2020). This highlighted the vulnerability of communities near these systems to the extent of flooding.
The lake level fluctuations caused by flooding are an important palaeohydrological study in response to climatically driven changes in the hydrological balance of a lake-catchment system on a spatiotemporal scale. The space and temporal dimensions will be critical in differentiating patterns of lake-level extent at the continental scale as a starting point for understanding the causes and quantifications of possible damage (Street and Grove, 1979; DeVogel et al., 2004) to support management interventions. This study was undertaken, therefore, to highlight the potential use of that information using East African lakes as a case study in the assessment of the vulnerability of such systems to the magnitude of ecological and infrastructural vulnerability. The aim of this study was to investigate the extent of flooding caused by rising water levels in the selected East African lakes in order to guide interventions to sustain the livelihoods of impacted communities.
2 METHODS
2.1 Study area
The study was undertaken on the Kenyan (Lakes Victoria, Turkana, Baringo and Naivasha), Ugandan (Lakes Victoria, Edward, Albert, and Kyoga), Tanzanian (Lakes Victoria, Tanganyika, Rukwa and Eyasi) and Rwandan (Lake Kivu) major lakes (Figure 1). The selected lakes saw rises in water levels between 2010 and 2020, resulting in extensive flooding that impacted lakeside communities, particularly fishers, despite the fact that the population along the lakes’ coastlines relied nearly entirely on fishing and fish mongering (Vranken et al., 2022).
[image: Figure 1]FIGURE 1 | Selected major lakes in Eastern Africa that are prone to flooding.
Lake Victoria is one of the world’s most distinctive bodies of water. With a water surface size of 169,858 km2, it is the world’s second biggest freshwater lake, with a drainage area of more than 193,000 km2 that spans five Eastern African countries (Twesigye et al., 2011). The lake’s fresh water drains into the Nile River and is replenished by major rivers including as the Mara, Nzoia, Yala, Sondu-Miriu, and Kuja (Masese et al., 2013). The lake is shared by Kenya, Uganda, and Tanzania. It serves around 30 million people and has a catchment population density of 170 people per square kilometer. The majority of the population relies on agriculture, livestock, and fishing for a living (Odada et al., 2004).
Lake Turkana is the largest inland lake (6,405 km2) in Kenya. The lake is located in a closed basin at 365 m above sea level, with mean and maximum depths of 31 and 115 m, respectively (Aura et al., 2020). It receives more than 90% of its yearly water input from the Omo River, which flows into the lake from Ethiopia. Because the lake is endorheic and has no surface outflow, its water budget is a balance of river intake and evaporation. As a result, the lake has become increasingly saline. Water level changes have a significant impact on the lake’s average yearly fish yield. Its fisheries are anticipated to generate 7,000 tonnes of fish per year, valued at USD 1.6 million, and to employ approximately 7,000 fishers and 6,500 fish traders and transporters (Long’ora et al., 2015).
Lake Baringo is a Ramsar site, and a Rift valley lake with a surface area of 130 km2 and a mean depth of 5.6 m. It varies greatly due to climatic changes. Except for suspected subsurface seepage, it has three river inlets and no apparent outflow (Aloo, 2002). The lake produces 263 tonnes of fish per year, with an ex-vessel worth of USD 250,000. (Aura et al., 2020).
Lake Naivasha’s surface area ranges between 120 and 150 km2 during the dry and wet seasons, respectively (Hickley et al., 2008), and its mean depth ranges between 4 m and 6 m. The lake is fed by two rivers, and its fisheries are influenced by changes in lake water level. The lake fishery produces 1,063 tons of fish per year with a farm-gate value of USD 1.40 million (Kitaka et al., 2002; Aura et al., 2020).
Lake Edward is one of Africa’s most productive inland water systems (Bassa et al., 2014), shared between Uganda and the Democratic Republic of the Congo (DRC) Decru et al. (2020) provides a full description of this system’s features. The lake supports fisheries with annual catches of 21,000 tonnes, as well as 22,000 fishers in Uganda and the Democratic Republic of the Congo (Lubala et al., 2018).
With only Lakes Victoria and Kyoga producing more fish, Lake Albert is an important contributor to Uganda’s economy. But like many other large inland water basins in East Africa, Lake Albert has been overfished (Eccles, 1976). Given its high salinity levels, various hydrological modelling scenarios, including the construction of a channel from it to the Coorong (Lake Albert Channel) have been proposed (Souter and Walters, 2006). Furthermore, the lake has experienced Nile perch mass mortalities in the past that have been attributed to the shock effect of an earthquake that exposed these intolerant fish to low oxygen levels (Eccles, 1976).
Lake Kyoga extends north of Lake Victoria from the Victoria Nile into a vast network of shallow open-water regions surrounded by papyrus swamps. The lake’s open water changes with the seasons and years, but its average extent is estimated to be around 2,700 km2, plus an additional 2,000 km2 of related marshes and small lakes (FAO, 1999). With a depth of about 5.7 m, this lake is second to Lake Victoria in terms of fish production and accounts for 35% of Uganda’s fish landings (Ogutu-Ohwayo, 1998).
Lake Tanganyika is a large Rift Valley Lake that is approximately 670 km long, 50 km broad, and 570 m deep. It features two primary basins, one in the north and one in the south, with maximum depths of roughly 1,320 and 1,470 m, respectively, divided by a 600 m sill (Naithani et al., 2002). The lake’s thermal stratification is highly defined, and its depth varies periodically above a permanent hypolimnion. Lake Tanganyika has long been recognized for its southern upwelling in direct response to its prevailing southeast winds during the dry season. Lake Tanganyika is the oldest of East Africa’s Great Lakes, with over 250 species of cichlid fishes. The majority are endemic species that have evolved rapidly and exhibit great variety in their shape, behavior, and ecology as a result of adaptive radiation into new habitats (Cocquyt and Vyverman, 2005). Cichlids are found from the lake’s shallow shores to its deep parts, with the assemblage of the cichlid community showing greater density and diversity in the shallow rocky regions where various cichlid species with similar diet niches coexist (Descy et al., 2005).
Lake Rukwa is a Rift Valley Lake in south-west Tanzania with an 88,000 km2 basin (Nicholson, 1999). The lake is bounded in the southeast by the Mbeya Range, in the west by the slopes of the Ufipa escarpment, and in the north-east by Mount Sange’s rocky cliffs and rolling hills, which rise 1,707 m above sea level (Baker and Baker, 2002). The presence of pools, as well as two separate north (big) and south (small) lake basins, indicate changes in the shape of the lake, which has recently become a single lake. The lake’s length is claimed to range from 135 m to 180 km, with an average width of 32 km (Lakepedia, 2016). It has an average depth of 3–5 m and a maximum depth of roughly 15 m in the south basin (World Lakes, 2016).
The seasonal and alkaline Lake Eyasi is the most southern of the big lakes in the Gregory Rift Valley; it is situated under a massive escarpment capped by the volcanic rocks of the Ngorongoro Volcanic Complex. The lake is quite saline (Bushozi et al., 2017). The lake basin is bordered by semi-perennial springs and river tributaries, although the Sibiti River at the southern end is the lake’s primary tributary. Notably, the lake may become entirely dry during the dry season, while its depth during the rainy season seldom reaches 1 m (Prendergast et al., 2007).
2.2 Determination of the extent of flooding
Several explanations have been proposed to explain the hydrological imbalances observed in the lakes that have drowned structures and infrastructure due to the displacement of humans, animals, and aquatic organisms (Aura et al., 2020). The hypothesis, in this case, is that higher wave height and increased rainfall are indicative of a larger lake extent during flooding. Figure 2 depicts a schematic illustration of the parameters used to determine the spatial extent of flooding and associated variables for the selected lakes. The schematic diagram illustrates the processes of sourcing the satellite data and information, processing the data, displaying the data and making comparisons to inform management decisions.
[image: Figure 2]FIGURE 2 | Systematic framework employed in the current study for determining flood extent for management and mitigation measures.
The geographical breadth and area of lacustrine shoreline variations were extracted using GIS and remote sensing techniques. The years when the studied lakes were most prone to increases in rainfall and flooding, and in which satellite altimetry data were available, were 2010 and 2020. These were used for comparisons. Multi-temporal satellite imagery from two different time windows within 2010 and 2020 was downloaded through the United States Geological Surveys (USGS) Earth Explorer website (EarthExplorer, 2022). The open-source satellite imagery used was from the USGS-NASA Landsat OLI sensor missions (Landsat Science, 2022). Use of EarthExplorer allowed the narrowing of the search to the required imagery by area, date range, and cloud cover (Elkafrawy et al., 2021).
All of the tiling grids containing the multispectral satellite data were downloaded according to the specific flight path and row that covered the studied lakes. Image classification was undertaken using the software QGIS 3.0 through the semi-automatic classification plugin (Tempa and Aryal, 2022). Utilising band set 1-7 of the downloaded Landsat imagery, the images were re-projected to the EPSG: 4,326, WGS 84 coordinate system, which is the global standard for latitude and longitude positions (Kelly, 2022). The re-projected images were merged and then converted to reflectance values and an atmospheric correction was applied (Kalluri et al., 2010). The new set of reflectance bands was loaded into QGIS, and a band combination of 5-6-4 (Near Infrared-Shortwave infrared 1-red) was chosen to create a virtual band-set that enabled water bodies to be distinguished from land and corresponded to the wavelength (µm, 0.63–1.66) (Jong et al., 2006).
Using existing literature for the exact area where the specific lakes were and a 1.0 km extent, a polygon was created around all of the lakes (Wu et al., 2019). Two polygons were drawn for each lake to represent the two different windows for 2010 and 2020. A field calculator function was used to obtain the difference in surface area (Zaki et al., 2021). The objective of this study was to analyze the fluctuation in lake spatial extent (size) owing to floods and to determine the link between lake spatial extent, lake level, and rainfall across the lake catchment region.
Meteorological parameters taken from NASA’s GMAO MERRA-2 assimilation model and GEOS 5.12.4 FP-IT were utilized to determine the rainfall amounts for each lake catchment. NASA’s Goddard Earth Observing System (GEOS) Data Assimilation System (MERRA-2) is an updated version of MERRA (Bosilovich et al., 2017). The GEOS 5.12.4 data are delivered daily and appended to the end of the MERRA-2 daily time series to create low-latency products that are typically ready for usage within two days of real-time (Hobeichi et al., 2020). Typically, the MERRA-2 data included in the resultant daily time series are updated every few months. Annual mean values representative of the rainfall over the lake catchment area were calculated for 2010 and 2020 and compared with the lake spatial extent and lake level.
The Global Reservoirs and Lake Monitor (G-REALM, https://ipad.fas.usda.gov/cropexplorer/global reservoir/) provided lake level (m) multi-year mean data. These were relative lake level changes estimated from TOPEX/POSEIDON (T/P), Jason-1 and Jason-2/OSTM satellite altimetry in comparison to a 9-year mean lake level determined from T/P altimeter measurements. The Jason-2 observations in near real time are taken from the currently available Interim GDR (IGDR). Wave heights for Lakes Baringo, Edward, Albert, and Eyasi were not provided by the website and hence their satellite altimeter readings were not used in the study. The study employed R version 3.5.0 (R Core team, 2020) for statistical analysis, with a significance threshold of p < 0.05.
3 RESULTS AND DISCUSSION
The shores of inland lakes are centres of blue economy. They play a pivotal role in fishing, water supply, irrigation and agriculture, infrastructural development, public health, tourism, transport, and energy (Aura et al., 2022). However, it has been noted for such systems to experience several geophysical processes that may affect the lake level fluctuations. The factors considered negligible on affecting lake level rises whose amplitudes appear to be generally inferior to ten of centimetres, include temperature or composition alterations; surface pressure changes for such closed basins; wind-driven events; and tides (Birkett et al., 1999). Despite the fact that there were no known tectonic processes in the region inform of earthquakes to modify the morphology of such lakes (Mason et al., 1994), the water extent was specifically based on wave heights and precipitation levels as the causative factors to flooding scenarios (Aura et al., 2020).
However, it is important to note that the lake level fluctuations of various lakes in not straightforward since the level height is the critical measurement of such systems rather than their volume, hence the need to use the surface area in relation to the lake basin morphological characteristics (Mercier et al., 2002). Comparing precipitation and aerial extent for such lakes in the inter-tropical region with varying climatical characteristics in the study herein, further provided some impact of water levels at varying eco-regions. For example, lakes close to the equator (Victoria and Kyoga), Northern hemisphere and desert lakes (e.g., Turkana), and alteration between wet and dry seasons and southern-most border (e.g., Rukwa) experiences varying beginnings of lake level rise, rainfall intensity and the main rain season and peaks (Mercier et al., 2002) as factors related to the extent of vulnerability to damage effects. If the years 2010 and 2020 are foreshadowing of what is to come in terms of rising sea levels, there could be a clear baseline map of vulnerability for such systems and the need to implement mitigation and adaptation strategies for vulnerable inhabitants and ecosystems.
Figure 3 and Table 1 show the change in surface area of the studied lakes due to flooding in 2010 and 2020 as the years considered to have experienced increased flooding levels in inland lake systems (Aura et al., 2020). Despite having one of the smallest surface areas, Lakes Baringo (52.63%) and Naivasha (42.62%) showed the greatest increase in areal extent due to flooding. This agrees with Herrnegger et al. (2021) findings that Lake Baringo is susceptible to flooding from increasing water levels in the lake considering it is small in area and lies in a topographically flat basin. In 2010, the small endorheic Lakes Baringo and Naivasha had significant increase (28.8 km2 and 26.64 km2, respectively) in area from the rainfall experienced throughout that year (Obando et al., 2016), with disastrous effects causing displacement of human and wildlife settlement, destruction of properties, economic disruption, lake ecosystem and biodiversity.
[image: Figure 3]FIGURE 3 | Changes in the areal extents of the selected African lakes due to flooding. The grey region indicates the lake’s shoreline in 2010 and the red shaded region is the shoreline in 2020.
TABLE 1 | Calculated areal extent (km2) and percentage change in surface area of the selected major African lakes due to flooding in the years 2010 and 2020.
[image: Table 1]The small lakes are found to be vulnerable to climatic anomalies (Herrnegger et al., 2021). Larger lakes, such as Victoria (1.05%), Turkana (3.77%), and Tanganyika (0.07%), recorded the lowest increases in areal extent. Because of their sizes, the larger lakes seemed to take longer to show considerable change in areal extent as compared to the small lakes that have immediate reactions to increased water levels from increased rainfall. This spatial dimension is especially useful because it allows us to detect patterns of lake level change at the continental scale and helps to understand the possible causes (Steffen et al., 2003). In this case, the extent of flooding was strongly but insignificantly related (R2 = 0.63; p = 0.07) to the sizes of the studied lakes and the amount of rainfall (Figures 4, 5). Therefore, the present study shows there is an influence of rainfall characteristics on the change of the lake’s shoreline. Generally, high rainfall areas seemed to have low percent change while low rainfall areas have high percentage change. This could be because of the size and the topographical nature of the lake. The flooding phenomenon was mainly attributed to increased precipitation levels in the years 2010 and 2020 compared to other years. If so, this would be a clear indication that lake level induced changes are likely to cause serious challenges to low-lying areas around the shoreline of lakes across the world. In this case, Lake Victoria was an exception perhaps due to other related factors such as land cover changes, human activities, and fluctuating climatic conditions around the lake. The is considered monomictic, meaning that it typically mixes from top to bottom once a year, usually between June and August climate change has made the timing of this mixing, precipitation patterns and lake level rise unpredictable, and it is happening more frequently and with greater intensity. The timing and location of these events are influenced by wind patterns and the lake’s shape (Nyamweya et al., 2020).
[image: Figure 4]FIGURE 4 | Relationship between change in areal extent (km2) due to flooding and surface area, and the percentage change in surface area for the years 2010 and 2020.
[image: Figure 5]FIGURE 5 | Amount of rainfall recorded in the years 2010 and 2020 compared to annual averages for other years and the aerial flooding extent of the studied lakes. Lake Victoria was exempted in the graph due to high precipitation differences of 1993 and 3,080 mm for 2010 and 2020, respectively.
Shoreline communities and their resources and infrastructures are the first to feel the effects of a shifting coastal climate and increasing sea levels (Tol et al., 2008). Individuals and organizations may take advantage of opportunities and avoid hazards by comprehending, preparing for, and adjusting to fluctuating precipitation patterns, which alter the lake’s surface area based on its size. To meet these needs, climate change communication and education play a crucial role in the dissemination of information, particularly in the translation of technical information to improve public comprehension and the incorporation of indigenous knowledge into climate change adaptation for policymakers (Khan et al., 2018).
The causative factors for the receding of Lakes Edward (−0.09%) and Rukwa (−3.25%) such as land cover change, human activities and climate changes, when other lakes were flooding could be further studied using citizen science and mapping of such factors. Furthermore, it is likely that wave heights are smaller and less prolonged in large-sized lakes than smaller lakes (Figure 6). Such easily accessible and timely socio-scientific information could help coastal communities not only to limit the economic and social advantage or damage of receding waters caused by climate-related risks, land cover changes and human activities, but also take advantage of opportunities provided by favourable conditions (Medri et al., 2012). Future studies could investigate the role of the increased hydrological connectivity provided by seasonal flooding for receding inland systems such as Lakes Edward and Rukwa in promoting fishery productivity and yield. This is because seasonal flooding has been known to provide accessibility to flood plain lagoons for some fish species such as Prochilodus lineatus (Agostinho and Zalewski, 1995).
[image: Figure 6]FIGURE 6 | Smoothened wave height variations in selected lakes based on the availability of altimetry data.
Understanding water-level fluctuations based on varying wave heights due to increased flooding caused by increased precipitation and other lake characteristics such as surface area and depth of inland systems could play a crucial role in lacustrine dyamics. This is due to the fact that the region affected by floods influences the availability of space and habitat, the size of the photic zone, water chemistry, stratification, and mixing regimes. Falling lake levels in shallow lakes may prevent thermal stratification and raise salt concentrations, hence forcing a shift in lake pH (Harrison and Digerfeldt, 1993). Wave heights may also result into turbulence, leading to the erosion of exposed marginal areas to create varying levels of damage (DeVogel et al., 2004; Aura et al., 2022).
Information and statistics on lacustrine dynamics play a crucial role in directing mitigation and adaptation planning procedures. On the other hand, the challenges presented by flooding changes and the improvement of climate research have driven public and commercial organizations and specialized institutions to prioritize the creation and implementation of Global Climate Services (Jancloes et al., 2014). In this context, the extent of flooding will add to the climate services information in the definition of the creation, interpretation, dissemination, and use of climate knowledge and data for decision making and future planning. It provides the most current climate science research to enable adaptation plans for fisheries, agriculture, water, and other sectors (Climate Services Partnership, 2015).
The extent of flooding and its magnitude will emphasis on addressing customer needs, which contributes to the subsequent comprehension of climate services. One of the primary goals of climate services, in addition to assisting in preparing to manage the consequences of climate change, is to give up-to-date climate-related knowledge and information that may be utilized to minimize climate-related catastrophe risks and increase welfare (Vaughan and Dessai, 2014). By compiling baseline information and data on the areal extent of flooding as a case study, this research creates a benchmark for integrating climate services and climate research into sensitivity and quantification assessments, and into future planning. Therefore, the current study acts as a decision-support tool to guide possible mitigation measures not only for the studied lakes, but also highlights the need to undertake further studies on the continental inland systems to provide climate science information on the magnitude of changes in the areal extent of flooding for vulnerable communities, infrastructure and the critical ecosystem in such localities.
4 CONCLUSION AND RECOMMENDATIONS
The present study provides preliminary results on the quantification of rising water levels in Africa. The study showed that the areal extent of flooding strongly but insignificantly related to the sizes of the studied lakes and the amount of rainfall. The smaller lakes studied, such as Baringo and Naivasha, showed the greatest increase in areal extent due to flooding; more than 40% of their published surface areas. The larger lakes studied, such as Victoria, Turkana, and Tanganyika, had lower than 4% increases in area extent compared to their published surface area. Some of the smaller lakes, such as Edward and Rukwa, receded during the period when other lakes were flooding due to their topography and their water residence time. This study provides useful information and data that could support the development of a decision-support tool to determine possible changes in the areal extent of inland lakes that may undergo flooding, and the related risks and damages that it may cause, to inform adaptation strategies and guide policy and its implementation. However, future studies could focus on the extent of other causative factors such as land-cover changes, human activities and climate change simulations.
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