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Climate change impacts on the hydrology and water resources in East Africa require proper planning of regional adaptation measures. Past studies on the subject matter tended to focus on catchment instead of regional scale. To support actionable policy regarding regional planning of water resources management, this paper reviewed studies conducted in East Africa based on CMIP3, CMIP5, and CMIP6. Compared to the historical condition, temperature of East Africa over the mid- to late 21st century will increase by varying extents over the range 0.17–7°C with about 2.6°C on average. Future precipitation over East Africa will increase by 8.5% on average. Changes in discharge based on CMIP3, CMIP5, and CMIP6 will vary from −25.3 to +60.5%, −42.5 to 129%, and −23.4 to 69%, respectively. Ensemble means of the changes in discharge across the study area based on CMIP3, CMIP5, and CMIP6 will be by 25.2, 19.2, and 19.1%, respectively. Future peak river discharge across East Africa will increase by 8% on average. These results are important for planning regional climate change adaptation across East Africa. To support local or catchment adaptation, results of climate change impacts of temperature, precipitation and discharge of about 50 catchments across East Africa can be found summarized in this review paper. It is recommended that both regional and local policies or approaches should be considered for climate change adaptation to ensure a balanced, effective and sustainable framework for climate resilience in support of measures for tackling broad and specific needs cohesively.
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1 Introduction

According to the Intergovernmental Panel on Climate Change (IPCC), various components of climate system are affected by the increasing emission of greenhouse gases (GHGs; IPCC, 2001, 2013, 2023). In fact, GHGs such as carbon dioxide, nitrous oxide and methane exist naturally in the atmosphere (IPCC, 2001). However, human activities are known to boost the accumulation of GHGs thereby leading to the alteration in the earth’s climate in terms of rising temperature, shifts in precipitation and snow patterns, as well as changes in the frequency and magnitude of hydrological extremes. Therefore, planning for water resources management should consider threats from the ongoing climate change (IPCC, 2013).

For this review paper, East Africa (Figure 1) was chosen as the study area because of the uniqueness of its complex regional climate mechanisms within the African continent. The East African region consists of complex circulation and topography in terms of some well-known highest mountains in Africa, the African Great Lakes, as well as the western and eastern rift valleys. Examples of lakes within this region include the Lake Victoria, Lake Edward, Lake Albert, Lake Tanganyika, Lake Tana, and Lake Turkana (Willis, 1938). With a maximum depth of 1,470 m, Lake Tanganyika is the deepest lake in Africa and the second deepest lake in the world (Verburga and Hecky, 2009). Lake Victoria is the largest fresh water lake in Africa. The study area also has the western rift valley (or the Albertine Rift) and eastern rift valley (or the Gregory rift; Beadle, 1968; Karp et al., 2012). These rift valleys consist of many lakes. For instance, Albert, Edward, Kivu and Tanganyika are in the western rift valley (Beadle, 1968). The eastern Gregory rift comprises Lakes such as Turkana, Nakuru, Baringo, Naivasha, Magadi. Furthermore, many of the few highest mountains in Africa are found within the Great Lakes region, for instance, Mt. Kilimanjaro (5,895 m), Mt. Kenya (5,199 m), Mt. Rwenzori (5,109 m), and Mt. Elgon (4,321 m; Onyutha et al., 2022; Osmaston, 2004). By altering the Walker circulation, the sea surface temperature from the Indian Ocean greatly influences the variation of precipitation across the East African region (Onyutha and Willems, 2015; Tierney et al., 2013). Influence from the Pacific Ocean in terms of the El Nino Southern Oscillation is also known to shape the variation of the short rains of the study area (Indeje et al., 2000). The general circulation across the study area is controlled by (Nicholson, 2000): (i) two air streams including the humid Congo airstream, and the Northeast and Southeast monsoons, and (ii) three convergence zones especially the Congo Air boundary, the Inter-Tropical Convergence Zone (ITCZ), and the zone that separates the dry, stable, Northerly flow of Saharan origin, and the moist Southerly flow. The pattern of the precipitation across the study area is dominantly influenced by the latitudinal migration of the ITCZ (Osman and Hastenrath, 1969). The migration of the ITCZ across the East African region is influenced by various regional and local factors such as mountains, lakes and rift valleys (Camberlin, 2009; Fraedrich, 1972; Onyutha et al., 2016). The circulations set up by the high mountains, and the Great Lakes affect the dynamics and stability of the atmosphere across the study area.
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FIGURE 1
 Study area with digital elevation model (DEM) in the background.


There have been several generations of climate models based on the respective IPCC reports (IPCC, 2001, 2013, 2023) and phases of the coupled model inter-comparison project (CMIP) including phase 3 (CMIP3; IPCC, 2001; Meehl et al., 2007), phase 5 (CMIP5; IPCC, 2013; Taylor et al., 2012), and phase 6 (CMIP6; Eyring et al., 2016; IPCC, 2023). Whereas scenarios of CMIP3 made use of the Greenhouse Gases Emissions Scenarios (GGES; IPCC, 2001; Meehl et al., 2007), those of CMIP5 considered Representative Concentration Pathways (RCP; IPCC, 2013; Taylor et al., 2012). GGES scenarios of CMIP3 included A2 (divided world), B1 (integrated and ecologically friendly), B2 (divided but ecologically friendly), and A1 (integrated world) and the detailed storylines can be found in Nakicenovic et al. (2000). CMIP5 scenarios included RCP2.6, RCP4.5, RCP6.0, and RCP8.5 and the storylines can be found in Van Vuuren et al. (2011). Scenarios of CMIP6 were based on Shared Socioeconomic Pathways (SSPs; Riahi et al., 2017). The SSP scenarios included SSP1 (taking the green road), SSP2 (middle of the road), SSP3 (a rocky road), SSP4 (a road divided), and SSP5 (taking the highway) (O’Neill et al., 2017).

Investigations of the climate change impacts on hydrology and water resources across East Africa (Figure 1) have been limited to catchment scale. For instance, some of the catchments considered in Ethiopia included Awash River catchment (Hailemariam, 1999), Kiltie catchment (Wubneh et al., 2023), the Lake Tana catchment (Taye et al., 2011), Megech catchment (Abebe and Kebede, 2017), and the Upper Blue Nile (Abay) River catchment (Mengistu et al., 2021). In Tanzania, Songwe catchment (Mwalwiba et al., 2023), Ngerengere catchment (Shagega et al., 2020), and Usangu catchment (Mollel et al., 2023) were considered. Furthermore, even within a particular country of the East Africa, studies tended to differ on the aspects of the water resources considered for analysis. For instance, in Tanzania, some studies focused on groundwater (Mollel et al., 2023), water demand (Kishiwa et al., 2018), and discharge (Mwalwiba et al., 2023; Näschen et al., 2019; Shagega et al., 2020). In Uganda, some researchers considered groundwater (Nyenje and Batelaan, 2009) while others analyzed discharge (Baraza, 2019; Nyeko-Ogiramoi, 2011). In summary, studies that considered the water resources of the entire East Africa in a climate changing context while taking into account the various generations of climate models are lacking.

This review paper is organized as follows. Section 2 deals with the methodology. Results and discussion can be found in section 3, and this is followed by conclusions. For clarity, the word discharge was used throughout the review paper instead of the various synonymous terms from the analysed articles such as runoff, flow, water yield, and streamflow. Here, water yield could be thought of in terms of the sum of lateral soil flow, surface runoff, and tile flow. Similarly, for simplicity, the word catchment was used instead of the various terms such as sub-basin, sub-catchment, basin, river basin, and watershed. Finally, the term precipitation was used in cases where the analysed studies considered rainfall.



2 Methodology


2.1 Exclusion and inclusion criteria

Articles from both open access and subscription journals were considered for analysis. Various databases such as ScienceDirect, Taylor & Francis online, Springer online, Wiley online, and Google Scholar were used to obtain required articles. Articles for review were sourced using abstract keywords such as climate change, East Africa, hydrology, water resources, and hydrological models. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA; Moher et al., 2009) guidelines were used to obtain articles for analysis (Figure 2). The period for selecting a relevant article was relaxed to run from the 1990s to this year (2024). This period covered the various updates of the IPPC reports and generations of climate models considered in this study (IPCC, 1992, 1995, 2001, 2007, 2014, 2023).
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FIGURE 2
 PRISMA flow chart.


Combinations of key words used to make searches in each database were:

i. “climate change impacts” and “water resources” and “country name,”

ii. “climate change impacts” and “hydrology” and “country name,”

iii. “climate change impacts” and “river flow” and “country name,”

iv. “climate change impacts” and “river discharge” and “country name,” and.

v. “climate change impacts” and “water balance” and “country name.”

Each of the bulleted combinations (i)-(v) was repeated for every country by changing “country name” to Uganda, Kenya, Rwanda, Burundi, Tanzania, and Ethiopia. To refine information for review, the search was limited to a few subdisciplines or subjects such as environmental management, environmental (general), environmental studies, water resources management, and hydrology. For other relevant information, simple searches especially in Google Scholar were made using the following keyword(s):

a. “IPCC climate change reports,”

b. “Hydrological modeling uncertainty,”

c. “Climate modeling uncertainty,”

d. “PRISMA in literature review,” and

e. “Water resources issues” and “transboundary water management” and “Nile basin.”

In fact, many studies investigated climate change impacts on only precipitation or evaporation but did not consider discharge. Such papers were all discarded since they were deemed to be ineligible on the ground that they did not consider discharge. Expressly, an article would qualify for inclusion if the study area fell within the East African region, and it contained results from a study that applied at least a hydrological model to some catchment(s) based on outputs of general circulation models (GCMs) or regional climate models (RCMs) from any of the three phases of CMIP especially phase 3 (CMIP3; IPCC, 2001), phase 5 (CMIP5; IPCC, 2013), and phase 6 (CMIP6; IPCC, 2023). Further criteria for qualifying an article for inclusion were linked to the clarity, elaborateness of the presented methodology, and the details of the results in line with the objective of this review. Other articles cited in this review were the seminal papers of the hydrological models applied in the reviewed studies.



2.2 Extraction of information

The process of extraction of relevant information for analysis started with the collection of the final set of articles identified based on the PRISMA guidelines (Moher et al., 2009). The pieces of information required from each article included method of bias correction, generation of climate models, hydrological models applied, change in precipitation, change in temperature, change in evaporation, change in hydrology, future water resources, catchment area, and country within East Africa. Data based on each criterion or piece of information from all the relevant articles was summarized in a data extraction table. Errors in the extracted information were checked, for instance, in terms of the order of magnitude of the values, and decimal places. During the data extraction step, if a particular article never provided most of the required pieces of information, it was excluded from analysis. Here, the numbers of excluded and included articles within the PRISMA flow chart were updated accordingly. The extracted information was summarized using tables or graphs with the subsequent analyses presented under various sub-sections of results and discussion.




3 Results and discussion


3.1 Publications based on CMIP3, CMIP5, and CMIP6

Table 1 shows overview of publications that applied climate models from CMIP3, CMIP5, and CMIP6. The number of studies varied among the countries. Rwanda had the lowest number of studies considered. This could be due to lack of observed hydro-meteorological data required for hydrological analysis of climate change impacts. The number of studies that used CMIP5 data was larger than that for CMIP3. Finally, few studies have so far used the CMIP6 data. This could be because CMIP6 was released recently.



TABLE 1 Studies that applied CMIP3, CMIP5, and CMIP6.
[image: Table1]

Whereas it is difficult to directly compare projections under various sets of emission scenarios, it would be important for CMIP3-based hydrological information from a particular catchment to be evaluated with respect to the suitability of the adaptation measures. Here, focus could be given to the distant-past studies (such as those in the 1990s) that projected climate change signals over the current time horizon (for instance, the 2020s). The idea would be to evaluate, if the climate change adaptation measures based on the information from such studies were realistic or not with respect to economic viability, and safety. If a catchment was studied using some particular GCMs of the CMIP5, the findings could be updated using those similar GCMs of CMIP6. In this way, results based on CMIP6 will also need to be updated using the next phase of the CMIP. Such a procedure is important to reflect the increasing reliability of the climate change information in line with the improvements of the latest generation of climate models thereby allowing for revision or refinement of adaptation measures. To update climate change impacts for particular catchments, a project is required to conduct inventory of the relevant catchments studied to allow compilation of pertinent information to support respective or follow-up research studies.



3.2 Hydrological models applied in the analyzed articles

Table 2 shows overview of the models applied for hydrological analysis of climate change impact across East Africa. The various hydrological models fall under different categories. For instance, Nedbør-Afstrømnings-Model (NAM), Hydrological model focusing on sub-flows’ variation (HMSV), Veralgemeend Conceptueel Hydrologisch Model (VHM), TANK model, and Australian Water Balance Model (AWBM) are lumped conceptual models. They only require catchment-wide precipitation and potential evapotranspiration (PET) as meteorological inputs. These models have few parameters and are easy to calibrate. Other models such as Soil and Water Assessment Tool (SWAT), Water and Energy Transfer between Soil, Plants and Atmosphere (WetSpa) and the Hydrologic Engineering Center—Hydrologic Modeling System (HEC-HMS) are semi-distributed models. Distributed models are rarely applied in climate change context due to their huge data requirements and complexity in calibration. In the East African region, one distributed model known as Variable Infiltration Capacity (VIC) model (Liang et al., 1994) was recently applied by Gebrechorkos et al. (2023). Distributed models require both meteorological and spatial information. Meteorological inputs include gridded precipitation, minimum and maximum temperature, relative humidity, solar radiation, and wind speed. For instance, VIC was applied by Gebrechorkos et al. (2023) using 0.25° gridded station data and global runoff characteristics (Beck et al., 2015). Spatial information required by distributed models include soil map, topography (or DEM), and landuse and landcover (LULC) types.



TABLE 2 Models applied for hydrological analysis.
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Results of calibration and validation in many of the analyzed articles showed high values of the well-known “goodness-of-fit” metric Nash Sutcliffe efficiency (Nash and Sutcliffe, 1970) for both conceptual and semi-distributed models indicating good hydrological performance. Thus, application of satisfactorily performing conceptual models is sufficient especially when discharge at the catchment outlet is required. For applications that require spatial information on hydrology across the catchment, semi-distributed or process-based models notwithstanding their complexity can be applied.

Each of the analyzed reviewed papers except Baraza (2019) and Taye et al. (2011) did not apply two or more model. Performance of a hydrological model can vary from one catchment to another and this stems from the differences among catchments with respect to topography, weather, soil, and LULC types. Therefore, to consider the influence from the choice of a particular model, several hydrological models should be applied to a catchment. Just like for climate models where an ensemble mean is obtained, results of hydrological analysis based on various models can also be combined to obtain an ensemble.



3.3 Components of water resources analyzed

Table 3 shows the components of water resources considered in reviewed articles. Most studies focused on discharge while few researchers considered groundwater. This could be due to the complexity encountered in fully characterizing the response of groundwater to the changing climate given the influences from the human factors such as changes in LULC types and alarming exploitation of groundwater (Amanambu et al., 2020). Furthermore, the sensitivity of groundwater to changing climate is deemed to be less than that of surface water (Wada, 2016).



TABLE 3 Components of water resources analysed.
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Surface water and groundwater (SWG) are closely linked. However, few studies separately analyzed groundwater (Abaho et al., 2011; Hersi et al., 2023; Mollel et al., 2023; Tigabu et al., 2021), and discharge (Gebremeskel and Kebede, 2018; Mengistu et al., 2021; Takele et al., 2022; Tilahun et al., 2023). Studies that analyzed SWG interactions across the East Africa are lacking. Generally, population growth, rapid industrialization and urbanization keep increasing pressure on discharge. This pressure, coupled with climate change impacts, will lead to substantial reduction in the volume of future discharge in various locations across the region. Thus, focus to meet the high-water demand will be turned to groundwater. If not carefully planned, the said focus will lead to considerable lowering of groundwater volume or table. In this line, a lot of effort is required from researchers in understanding and characterizing SWG interaction in a climate change context. This is vital to yield information that can support actionable policy towards developing regional adaptation measures.

Analysis of discharge can be linked to scale. Fine (e.g., daily) scale is required for analysis of hydrological extreme events. Analysis of coarse (e.g., monthly or seasonal) discharge can be relevant for planning agricultural practices. Changes in seasonal discharge can be indicative of the variation in rainy and dry seasons. An example of water resources applications that could depend on seasonal discharge is irrigation. However, rainfed cropping system is the commonest agricultural practice across East Africa. Nevertheless, the changes in soil moisture should guide in planning regional adaptation measures against late onset and early cessation of precipitation in support of agricultural practices (Ocen et al., 2021).

Water related catastrophes especially floods and droughts remain key hydrological challenges in East Africa (Ayugi et al., 2022; Foley, 2010; Fotso-Nguemo et al., 2019; Ngoma et al., 2022; Ongoma et al., 2018; Onyutha, 2020; Taye et al., 2015; Taye and Dyer, 2024). Floods and droughts are projected to increase in the study area (Gebrechorkos et al., 2023). Annual average daily discharge is projected to increase in various parts of the study area especially Uganda, Kenya and Tanzania within the White Nile region (Figure 3). For instance, future river discharge in Tanzania will increase by up to 25% (Gebrechorkos et al., 2023). However, in the same region like for Marabali catchment, annual average daily discharge is projected to decrease by -15.91% (Mutayoba et al., 2018). In the Blue Nile region, annual average daily discharge will increase by at least 5% in large rivers such as Awash and Bar Akobo, among others (Gebrechorkos et al., 2023). Analysis of hydrological extremes can guide in planning predictive adaptation measures against hydrology-related catastrophes such as flood and drought events. Effect of climate change on extreme low discharges should guide in planning for regulation of environmental discharge, and reservoir operations under future climatic conditions. Climate change impacts on floods should aid development of robust adaptation measures such as dams, dykes, early warning systems, flood plains, and evacuation plans.
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FIGURE 3
 Future change in annual average daily discharge (%) based on (A) SSP245 and (B) SSP585 (source: Gebrechorkos et al., 2023).




3.4 Impacts of climate change on water resources components

Results of hydrological analyses can be found presented in Tables 4–7. For the Blue Nile region (Table 4), all the relevant articles showed that future temperature will be higher than that of the historical period by varying extents from 0.17 up to 6°C (with the average of 2.8°C). This information compiled from CMIP3, CMIP5, and CMIP6 agrees with the findings of a previous article (Adhikari et al., 2015) which showed using only CMIP3 that projections for temperature over the Blue Nile region will vary over the range 1.1–5.1°C with the mean of 2.7°C. For the catchments within the equatorial region (Tables 5–7) where the White Nile emanates from, temperature was again projected to generally increase by additional 2.5°C (over the range 0.9 to 7°C). Temperature projections based on only CMIP3 showed increases over the range 0.9 to 5.2°C (with the mean of 2.5°C; Adhikari et al., 2015).



TABLE 4 Climate change impacts on hydrology in Ethiopia.
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TABLE 5 Climate change impacts on hydrology in Uganda.
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TABLE 6 Climate change impacts on hydrology in Tanzania.
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TABLE 7 Climate change impacts on hydrology in Kenya, Burundi, and Rwanda.
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On average, precipitation totals will increase over the Blue Nile and White Nile region by 10 and 7%, respectively. However, the ranges for the projected changes in precipitation over the Blue Nile and White Nile regions were (−43 to +191%) and (−61 to +100%), respectively. Previous review article (Adhikari et al., 2015) based on only CMIP3 showed that the precipitation over the Blue Nile and White Nile regions will on average increase by 10.5 and 6.4% and ranges of the projections will be (−6 to +42%) and (−15 to +42%), respectively.

Changes in temperature and precipitation affect river discharge. For instance, prolonged high temperatures with reduced precipitation imply hydrological drought. Due to climate change, monthly discharges will increase for some catchments and decrease in other areas. Even for a particular catchment, it remains possible that discharges will decrease in some months and increase for others. Previous earlier studies for instance based on CMIP3 showed the discharge will change to varying extents in the Blue Nile region. For a smaller sized catchment of the Lake Tana, discharge will decrease by −11.3% (Tarekegn and Tadege, 2006). For the Gilgel Abbay catchment, monthly discharge will change over the range −40 to 50% (Dile et al., 2013) and this could loosely approximate to the mean of 5%. Considering the entire Upper Nile, discharge will increase by 4% (Ungtae and Kaluarachchi, 2009). However, studies in the White Nile region did not focus on the monthly discharge.

Compared to the baseline conditions of different catchments across Uganda, past studies based on CMIP3 climate models showed that future recharge will increase by 27.5 and 80% (Abaho et al., 2011), and 60% (Nyenje and Batelaan, 2009), and 137% (Mileham et al., 2009). However according to Kingston and Taylor (2010), the recharge will decrease by −54%. In case the 137% is an outlier, the ensemble mean increase in recharge across Uganda becomes 28.4%. Relative to observed conditions, CMIP3-based changes in future surface runoff of various catchments across Uganda will be 60% (Nyenje and Batelaan, 2009), 53% (Mileham et al., 2009), 41% (Kingston and Taylor, 2010), −20% (Nyeko-Ogiramoi, 2011), and 27.5% (Abaho et al., 2011) and these lead to an ensemble mean of 23.6%.

In Ethiopia, analyses based on CMIP3 showed that peak discharge of the Megech catchment will increase to varying extents ranging from −17.47 to −30.58% (Abebe and Kebede, 2017). However, findings based on CMIP5 showed that the Upper Blue Nile will instead experience increase in the peak discharge over the range 10–50% (Aich et al., 2014). The percentage changes in discharge based on CMIP3 for the various catchments across Ethiopia were found to be in the ranges of −14 to −13% (Gebremeskel and Kebede, 2018), and −40 to 50% (Dile et al., 2013). Similarly, the changes considering CMIP5 were found to be in the ranges of 7 to 14.6% (Mengistu et al., 2021), −58 to 26% (Tigabu et al., 2021), −14.7 to −12.6% (Tilahun et al., 2023), −54 to −31% (Takele et al., 2022), and −54 to 26% (Tigabu et al., 2021). Thus, past studies showed that the ensemble mean changes in the discharge across Ethiopia based on CMIP3 and CMIP5 over 2050–2100 will be by −4.3 and −15.1%, respectively.

In Tanzania, analyses based on CMIP3 showed that discharge will increase on average by 30.1% (Shagega et al., 2020), and 51.5% (Kishiwa et al., 2018) thereby indicating an ensemble mean change of 40.8%. However, analyses based on CMIP5 showed that future discharge across Tanzania will change to varying extents such as −15.9% (Mutayoba et al., 2018), 23.5% (Mwalwiba et al., 2023), 9.7% (Näschen et al., 2019), and 40.4% (Adhikari et al., 2017). Thus, an ensemble mean change in future discharge based on CMIP5 will be by 14.4%. Future changes based on CMIP3 in discharge across Kenya will, on average, be by 45.5% (Taye et al., 2011), −25.3% (Mango et al., 2011), 60.5% (Wairimu, 2008), and 57.5% (Taye et al., 2011). Similarly, average changes based on CMIP5 will be 129% (Sood et al., 2017), and 68.6% (Musau et al., 2015). Analysis based on CMIP6 showed that the future discharge especially in the Narok County in Kenya will decrease by −23.4% on average (Opere et al., 2022). Based on CMIP5, increase of discharge in Ruvyironza-Kibaya and Muyinga catchments due to climate change will be by 44% on average (Rivas-López et al., 2022). However, analysis based on CMIP6 for the Ruvubu River basin showed that future discharge will increase by 35.2% on average (Kim et al., 2021).

For projections of peak discharge in the Blue Nile region from the mid- to late 21st century, the values of the mean of the minimum and maximum changes from each study were −28.5% (Abebe and Kebede, 2017), +20% (Ungtae and Kaluarachchi, 2009), and +30% (Aich et al., 2014) and this gives an average of +7.1%. The overall range of projections from the various studies of peak discharges was −30.58 to +60%. Considering the White Nile region from the mid- to late 21st century, the values of the mean of the minimum and maximum changes in peak discharge provided from each study were found to be −17.2% (Baraza, 2019), +45.15% (Baraza, 2019), +13.19% (Näschen et al., 2019), −17.5% (Paulo Mavaringana et al., 2023), −16.60% (Andersson et al., 2011), −25.30% (Andersson et al., 2011), +26.075% (Rivas-López et al., 2022). After averaging the two values from each of the two studies (Andersson et al., 2011; Baraza, 2019), the overall mean of the projections for peak discharge was +10%. The overall range of projections was from −34.1 to +86.25%.

Contrasting results on groundwater changes were obtained when different climate models were applied to the River Mitano catchment (Kingston and Taylor, 2010; Mileham et al., 2009). Thus, outputs of many climate models should be used to drive hydrological models and the ensemble mean of the results considered for analysis of future hydrological conditions. Other contrasting results were obtained in the study for River Rwizi catchment in which two hydrological models were applied. Whereas one hydrological model projected a decrease in extreme high discharge, the other model showed that there will be an increase in the high discharge quantile (Baraza, 2019). This could be explained in terms of the differences in the compatibility of hydrological models to meteorological and hydrological conditions of the catchment under consideration. This shows that the use of one hydrological model is characterized by the uncertainty due to the choice of the model (Onyutha, 2016). Therefore, it is recommended that many hydrological models should be applied in modeling climate change impacts of the same catchment and an ensemble mean is obtained by combining results of the models.

Figure 4 shows summary of changes in discharges of various catchments across the study area. The figure was obtained based on results for the various catchments and countries summarized in Tables 4–7. For each catchment, an average of the percentage changes in discharge was obtained (Figure 4A). The error bars comprise the minimum and maximum percentage changes (Figure 4A). In a few cases, the minimum and maximum changes (%) were not stipulated in the analyzed studies. For instance, the mean annual discharge of Ruvyironza-Kibaya and Muyinga will increase by 44% (Rivas-López et al., 2022). In such a case, the range comprising plus or minus 22% of the change (%) was assumed for constructing the error bars. The assumption was linked to the fact that the overall average of the mean changes for the various (or about 50) catchments considering CMIP3, CMIP5, and CMIP6 was 22%. Thus, for the change of 44%, the minimum and maximum values would become 44 ± (22/100 × 44) i.e., 34.32 and 53.68%, respectively. Considering all the catchments from past studies, the minimum, mean and maximum percentage changes (Figure 4B) were obtained. The error bars on the ensemble means (Figure 4B) comprise the standard deviations of the percentage changes. There were a total 14, 31, and 4 studies on various catchments based on climate models from CMIP3, CMIP5, and CMIP6, respectively. Based on a total of about 50 studies on various catchments, the mean changes in discharge based on CMIP3, CMIP5, and CMIP6 varied over the ranges −25.3 to +60.5%, −42.5 to 129%, and −23.4 to 69%, respectively. The ensemble of the mean changes in discharge across East Africa under future (2050–2,100) climatic conditions based on CMIP3, CMIP5, and CMIP6 were found to be 25.2, 19.2, 19.1%, respectively. The corresponding standard deviations of the percentage changes in discharge based on CMIP3, CMIP5, and CMIP6 were 33.0, 44.9, and 41.3%, respectively. The ranges of percentage changes indicate uncertainties on climate change impacts. They indicate that water resources management decisions tend to be made under large uncertainties on the findings of climate change impacts. To support actionable policies, the implications of uncertainties on climate change impacts on costs of measures required for relevant adaptation should be communicated. Finally, whereas compilation of results obtained using CMIP3, CMIP5, and CMIP6 takes into consideration the influence from the choice of a particular climate model generation, it should be noted that the derivations of future scenarios from the various phases of the CMIP were on different bases such as GGES, RCPs, and SSPs as presented in section 1. This makes direct comparison of results from the various phases of the CMIP impossible.

[image: Figure 4]

FIGURE 4
 Changes in discharge considering (A) individual catchments, (B) the entire study area.


Ideally, the science of climate modeling aims at improving the models with respect to various aspects such as spatial resolution, validation, parameterizations, minimization of bias, and reduction of uncertainties in each new version of CMIP. In this context, CMIP5 would be expected to be more improved than CMIP3. Similarly, CMIP6 would expectedly be more improved than CMIP5. One factor that would hinder direct realization of such an improvement in latest phase of CMIP is lack of high-quality observed weather and climatic data against which outputs of climate models could be validated. Furthermore, the existence of several layers of uncertainties in hydrological modeling could also overshadow improvements of CMIP phases. Thus, a plausible way to check such improvement in CMIP phases would be with respect to the capacity of GCMs or RCMs of the current and previous generation of climate models to reproduce observed climatic variables such as precipitation. For instance, CMIP5 was found to perform better than CMIP3 in reproducing extreme precipitation events in the Lake Victoria basin in East Africa (Onyutha et al., 2016). Mean precipitation of East Africa was reproduced better by CMIP6 than CMIP5 climate models (Ayugi et al., 2021).



3.5 Bias correction or downscaling used

Climate models have coarse spatial resolution and this limits them from resolving local scale topographical and physiographic characteristics as well as granular atmospheric features (Onyutha et al., 2016). As a result, the outputs of the climate models tend to be generally biased and should first be bias-corrected before being applied for hydrological analysis of climate change impacts.

Several methods of bias correction exist including the delta method and quantile mapping (Mpelasoka and Chiew, 2009). Details as well as the advantages and disadvantages of the bias correction methods can be found in previous study (Onyutha et al., 2016). Outputs of the climate models can be estimated from the coarse (e.g., global) spatial scale to fine or local resolution through a process called downscaling. We have statistical and dynamical approaches of downscaling. In dynamical downscaling, RCM is nested into a GCM to refine the resolution of the outputs. Statistical downscaling consists of regression approach, weather generation, and weather classification.

Many methods of bias correction were applied in the reviewed studies. The delta method was applied for bias correction of precipitation scenarios in many studies (Adhikari and Nejadhashemi, 2016; Andersson et al., 2011; Baraza, 2019; Gumbo et al., 2021; Hailemariam, 1999; Hughes and Farinosi, 2020; Mileham et al., 2009; Musau et al., 2015; Wairimu, 2008). To bias-correct precipitation and temperature for driving hydrological models, quantile mapping was also applied in several studies (Adhikari et al., 2017; Adhikari and Nejadhashemi, 2016; Kim et al., 2021; Nyeko-Ogiramoi, 2011; Rivas-López et al., 2022; Taye et al., 2011; Tigabu et al., 2021; Tilahun et al., 2023; Umugwaneza et al., 2021; Wubneh et al., 2023). Trend preserving bias correction (Hempel et al., 2013) was applied by Aich et al. (2014). A common tool for bias correction is the CMhyd tool (https://swat.tamu.edu/software/cmhyd/ accessed: 28th Dec 2023) and it was applied on a number of occasions (Mfwango et al., 2022; Mutayoba et al., 2018; Takele et al., 2022).

For statistical downscaling, the SDSM tool (Wilby et al., 2002) was applied in six studies (Abebe and Kebede, 2017; Dile et al., 2013; Gebremeskel and Kebede, 2018; Mengistu et al., 2021; Nyenje and Batelaan, 2009; Takele et al., 2022). Most of the studies that applied the SDSM tool were found to have been conducted in catchments from Ethiopia. Bias correction using weather generators (such as LARS-WG and ClimGen) were applied in many studies (Kingston and Taylor, 2010; Kishiwa et al., 2018; Shagega et al., 2020; Tibangayuka et al., 2022). Statistical transfer function or linear scaling method was also applied in a few studies (Mollel et al., 2023; Mueni, 2016; Mwalwiba et al., 2023; Näschen et al., 2019; Sood et al., 2017). Finally, statistical downscaling using the bias correction-constructed analogs with quantile mapping reordering approach (Hiebert et al., 2018) was applied by Gebrechorkos et al. (2023).

The uncertainty in climate change information due to downscaling is of a magnitude that cannot be ignored especially in the study area (Gebrechorkos et al., 2023; Onyutha et al., 2016; Taye et al., 2015). This is due to lack of long-term and high-resolution observed climatic data that could be used for downscaling (Onyutha, 2018). This issue of lack of observed data is a difficult problem actually for the entire sub-Saharan Africa (Nikulin et al., 2012). An alternative is to use reanalysis downscaling to evaluate the performance of GCMs or RCMs. However, the inhomogeneity from temporal changes in the global observing system greatly affects the reanalysis products (Zhang et al., 2011). Reanalysis datasets tend to have reduced capacity in accurately capturing especially extreme climatic conditions. Thus, government of East Africa should invest in observed weather data collection through regular maintenance of recording or measurement equipment in the few available weather stations, and increasing the number or density of the weather stations across the study area.



3.6 Areas for improvements in future studies


3.6.1 The need to use many hydrological models

In each of the reviewed studies, only single hydrological model was applied. There were only two studies (Baraza, 2019; Taye et al., 2011) in each of which two models were applied. For Nyando catchment in Kenya, NAM (Madsen, 2000) and VHM (Willems, 2014) were applied by Taye et al. (2011). These two models were again applied by the same authors to the Lake Tana catchment in Ethiopia. The HMSV (Onyutha, 2019b) and AWBM (Boughton, 2004) were applied by Baraza (2019) for the Rwizi catchment in Uganda. The point is that the performance of various models applied to a given catchment can differ. Furthermore, performance of a single model can differ when applied to different catchments. Thus, application of many hydrological models to a particular catchment is recommended to even out the uncertainty due to the choice of a selected model.



3.6.2 The need for application of regional hydrological models

The analyzed articles mainly considered hydrological models applied to catchments. However, it is important for researchers to apply models that can provide regional hydrological information. For instance, Gebrechorkos et al. (2023) recently applied a distributed model referred to as VIC to entire East African region. Apart from VIC, many other models with capacities for applications for regional hydrological analysis exist such as improved SWAT version (Arnold et al., 1993, 1998), SWIM (Krysanova et al., 2015), mHM (Kumar et al., 2013), and HYPE (Lindström et al., 2010). Furthermore, building from the existing precipitation-runoff models, structures of models can be revised to increase their capacity for regional hydrological analysis. For instance, Hughes et al. (2006) modified the original version of Pitman (Pitman, 1973) for regional application using satellite data to provide insight on the surface water and groundwater interactions. For data-scarce regions, satellite data can be used along with the application of a theory-guided machine learning model (Hughes et al., 2023).



3.6.3 The use of non-changing LULC types

All the reviewed studies except (Wairimu, 2008) assumed constant LULC types under both current and future climatic conditions. This assumption may not be realistic for areas characterized by growing population, rapid urbanization and industrialization. Human factors generally affect hydrology of a catchment in a number of ways especially regarding the rates of evapotranspiration, infiltration and percolation. Thus, there is a need to project LULC types of a catchment when conducting hydrological analysis in a climate change context. Examples of distributed models which can be used in such a case include CLUE (Verburg et al., 1999), and MOLUSCE (NEXTGIS, 2023).



3.6.4 The need to update and validate results from past climate studies

There was no any single study among those reviewed that made use of at least two phases of the CMIP for hydrological modeling of the same catchment. Nevertheless, there were cases where two separate studies modeled the same catchment. For instance, the hydrology of River Rwizi catchment was modeled using both CMIP3 and CMIP5 (Baraza, 2019; Nyeko-Ogiramoi, 2011). Also the hydrology of the Gilgel Abay catchment was analyzed using both CMIP3 and CMIP5 (Dile et al., 2013; Tigabu et al., 2021). In any of these two cases, separate hydrological models were applied. For instance, Nyeko-Ogiramoi (2011) applied VHM while Baraza (2019) made use of the AWBM and HMSV. It was only in the case of the Gilgel Abay catchment when both studies applied SWAT (Dile et al., 2013; Tigabu et al., 2021). The point is that, some of the time horizons used in previous studies have either passed or are on-going. There were some studies of the 1990s that projected climate change impacts for the sub-periods 2010s, and 2020s. For instance, Hailemariam (1999) projected the discharge of the Awash River catchment to have reduced by −25% by 2010s compared to the climatic conditions of the 1970s and 1980s. Given that we are currently way after 2010, the question to answer would be on whether, indeed, the said decrease in the discharge was attained. Such an information would be important to determine if the adaptation measures in line with the findings of such a study were robust or should be adjusted in the context of adaptive water resources management under climate change. Therefore, for a particular catchment that was studied before, say, using the CMIP3, researchers need to apply the same hydrological model to update the climate change impacts based on newer or more recent generation of climate models. This will, in turn, permit updating of the adaptation measures planned in line with climate change impacts on hydrology and water resources.



3.6.5 The need for reporting on uncertainty analysis

Many of the reviewed studies did not elaborately quantify and report uncertainties on the hydrological results of climate change studies. There are various sources of uncertainties in modeling hydrological impacts of climate changes. Uncertainties are both in GCMs/RCMs and hydrological models. Uncertainties in hydrological models are due improper conceptualization of hydrological processes (Renard et al., 2010), errors in input data, and inaccuracies in parameter estimates during calibration. Specifically, calibration-related uncertainties stem from (a) errors on calibration data, e.g., observed discharge, (b) issues of initial and boundary conditions, and (c) the influence due to the choice of (i) method of calibration, (ii) objective function (Onyutha, 2024a), (iii) optimizers, and (iv) parameter sampling scheme (Onyutha, 2024b). Uncertainties in climate models are due to inter-model and intra-model variability, emission scenario, and internal variability (Dave et al., 2022). Uncertainties in climate models tend to be comparably large as those from hydrological models (Ludwig et al., 2009). Various steps in hydrological modeling of climate change impacts such as downscaling or bias correction, choice of hydrological models, and selection of climate models are characterized by uncertainties. Results from climate models can have large differences. In this line, it is acceptable to use ensemble mean of climate model results to even out the differences among the results from various GCMs or RCMs. However, bounds of uncertainties on the ensemble mean should also be provided. Implication of the model uncertainties on cost of water resources applications to be designed for adaptation to the climate change impacts should be discussed.



3.6.6 The need for integrating both regional and local approaches of dealing with water resources issues

Substantial influences of human activities such as changes of landscapes and discharge regulation negatively impact transboundary river systems (Trang et al., 2017) thereby resulting into issues of shared water resources allocation (Omer et al., 2023). Extents to which changes in landscape impact water resources vary among riparian countries. Whereas changes in LULC tend to take place upstream, the most serious impacts of the LULC on the regional water sources are felt downstream (e.g., the River Nile in this case; Omer et al., 2023). Studies that investigated impacts of LULC changes on hydrology in the East African region are mainly at catchment scales (Bewket and Sterk, 2005; Gebrehiwot et al., 2013; Guzha et al., 2018; Kizza et al., 2017; Mango et al., 2011; Mati et al., 2008; Mwangi et al., 2016). However, it is important to integrate the results of local scale changes in LULC types on discharge for understanding regional impacts of the landscape dynamics on transboundary river systems (Omer et al., 2023). In other words, instead of only catchment scale, issues of water resources could also be dealt with on a regional basis. This makes it possible to explore spatial dynamics of transboundary water resources (Senay et al., 2014). Examples of analyses that integrated results of the various spatial dynamics from different catchments to understand the regional water resources especially in the study area are few (Omer et al., 2023; Senay et al., 2014).

The regional water resources in the study area will be negatively impacted by a number of factors such as landscape dynamics, climate change, climate variability, and human interventions. For instance, landscape dynamics stemming from SSPs will expectedly lead to 3.6% decline of the future (2020–2060) annual River Nile discharge (Omer et al., 2023). Considering the two sources of the River Nile, analyses based on CMIP6 showed that the future annual discharge from the Equatorial Nile and the Eastern Nile will reduce by 8.4 and 8.9%, respectively (Omer et al., 2023). Generally, climate change will jeopardize the water security in the various sources of the River Nile (Batisha, 2023). The negative impacts of climate change on water resources in the East African region as summarized in this study indicate the need for regional water cooperation in developing adaptation measures. Cooperation in regional water management for the study area is a public good and can promote economic growth and regional stability while offering key win–win opportunities (Jägerskog et al., 2007).

For developing measures to adapt to the impacts of climate change, there should be programmes designed to maximize benefits from sharing the common water resources on regional basis. An example of such a programme that could be reinforced for climate change adaptation measures for the River Nile riparian countries is the Nile Basin Initiative (NBI) inaugurated in 1999. The six shared vision objectives of the NBI include Water security, Energy security, Food security, Environmental sustainability, Climate-change adaptation, and Transboundary water governance (NBI, 2021). Achievement of these objectives requires regional cooperation, water resources development, and water resources management. Many challenges, however, are expected in implementing the relevant initiatives or programmes such as the NBI including pressure from rapidly growing population, widespread household poverty, procedural and policies conflicts or tension stemming from the transboundary water management issues, and lack of relevant scientific knowledge on biophysical resources (Belay et al., 2010; Mohamed and Loulseged, 2008). Scientific research studies to generate information for regional predictive adaptation to the impacts of climate change, landscape dynamics, and climate variability of water resources of the East Africa should be prioritized (Mohamed and Loulseged, 2008; Omer et al., 2023).

Finally, despite the emphasis for regional adaptation for climate change in East Africa focusing on comprehensive coverage and coordinated management of transboundary resources, it is worth noting that local approaches are crucial for location-specific considerations. In other words, integrating both regional and local approaches is crucial for effectively addressing diverse challenges of water resources management in a climate change context. Regional strategies provide efficient resource allocation and unified policies but could risk overlooking specific local needs. Conversely, local adaptation allows for tailored, community-specific interventions and rapid implementation, although it can lead to fragmented efforts due to limited resources. Where necessary, combining regional policies with local actions should be considered to ensure a balanced, effective, and sustainable framework for climate resilience, with the focus of addressing both broad and specific needs cohesively.





4 Conclusion

East Africa comprises the Blue Nile and White Nile regions as the two sources of the River Nile. Over the 21st century, the average amount by which the temperature of the Blue Nile region will increase is comparable to White Nile region. However, the range over which the precipitation across the Blue Nile region (−43 − +191%) is projected to increase in future is far wider than that of the White Nile region (−61 − +100%). The change in the peak high river discharge in the Blue Nile and White Nile regions will be by +7.1% and +10%, respectively. Considering the entire study area, future temperature will increase by about 2.6°C on average with the changes varying from 0.17 to 7°C. Furthermore, future precipitation will increase by 8.5% on average. Consequentially, results of analyses from various studies based on CMIP3, CMIP5, and CMIP6 showed that the changes in discharges will vary from −25.3 to +60.5%, −42.5 to 129%, and −23.4 to 69%, thereby leading to the ensemble mean of 25.2, 19.2, 19.1%, respectively. Future peak river discharge across East Africa will increase by 8% on average.

To adjust the over reliance on surface water, policy should consider the use of both surface water and groundwater conjunctively in a climate change context. This was already demonstrated in South Africa especially for Cape Town in the context of climate variability, though (Millington and Scheba, 2021). Risk-based adaptation to the impacts of climate change on hydrological extremes should apply the integrated approach such as flood control infrastructure, and risk financing. Finally, incorporation of climate change findings from various scientists to support actionable policy in planning adaptation measures require science-policy interfacing (Onyutha, 2019a).

Many researchers modeled climate change impacts under the assumption of constant LULC types. This is unrealistic in areas typified by the impacts of human factors such as growing population, rapid urbanization and industrialization on hydrology. Thus, it is recommended that future hydrological conditions should be analyzed while using forecasted or projected or future LULC types.

It is also recommended that researchers should update information regarding climate change impacts using latest generation of climate models. The point is that some of the time horizons used in previous studies have passed or are on-going. There were some studies of the 1990s that projected climate change impacts for the sub-periods 2010s, and 2020s. Given that we are currently way after 2010, the question to answer would be on whether, indeed, the said decrease in the runoff was attained. This kind of information would be important to determine if the adaptation measures in line with the findings of such a study was robust or should be adjusted in the context of adaptive water resources management under climate change. Therefore, for a particular catchment that was studied before, say, using the CMIP3, researchers could apply the same hydrological model to update the climate change impacts based on newer or more recent generation of climate models. This will, in turn, permit updating of the adaptation measures planned in line with climate change impacts on hydrology and water resources.

Finally, in climate change impact investigations, various sources of uncertainties exist. Hydrological model uncertainties in each of the considered studies stem from flaws in conceptualization of hydrological processes, errors in observations, difficulties in the estimation of parameters. Furthermore, calibration-related uncertainties arise from the choice of (i) objective functions (Onyutha, 2024a), (ii) hydrological model, (iii) parameter sampling scheme (Onyutha, 2024b), (iv) method of calibration, and (v) optimization algorithm. Considering climate models, sources of uncertainty include the imperfections in representing physical processes in climate models, internal variability, and issues with the climate scenarios. Other uncertainties could be linked to the choice of (i) fixed of flexible model structure, bias correction and downscaling issues, and complexity in both climate and hydrological models. The extent to which the various uncertainty sources affected findings from studies reviewed varied among articles. However, the common practice of taking into account the various uncertainties while increasing reliability of the projections is the use the ensemble mean of the climate change signals.
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Temperature to increase by 1°C

Discharge will increase during October-November-December

season and decrease in the March-April-May season

3 ‘Tana River (95,000 km?) 07 GCMs (CMIPS)

Precipitation o rise by up to 40% Sood etal. (2017)

Temperature to increase

Over 2070-2099, increase in mean annual discharge will vary from
90t 168%.

4 Mara River (13,750 km?) 21 GCMs (CMIP3)

Precipitation to change by (~18 to 38%) Mango etal. (2011)

Temperature to increase by 4.7°C

Mean daily discharge will decrease by ~25.3% over 2080-2099.

Minimum and maximum daily discharge will increase by 2.8 and

35.7%, respectively.

5 Upper Nzoia (10,156 k) 10 GCMs (CMIP5) Precipitation to change by (~2.2 to 32.5%) Musau et al. (2015)

Temperature to increase to 59°C

Changes of mean annual discharge (MAD) will vary from —51.7
and 189.6% in 20805

6 Upper Nzoia (12,709 km?) 05 GCMs (CMIP3) Future precipitation will be less by —49% Wairimu (2008)

Monthly temperature to increase by 1.7°C

Increase in discharge over the 20505 wil vary from 6 to 115%.

7 Nyando (3,600 k) 17 GCMs (CMIP3s)

Mean annual precipitation to in the range from 10 to 31%. Taye etal. (2011)

Mean evapotranspiration to change in the range from —6 to 9%

For VHM, changes in mean annual discharge by 2050 will vary
from =27 to 118%

For NAM, changes in mean annual discharge by 20505 based will
vary from 34 to 149%.

Burundi

1 Ruvyironza-Kibaya and 05 RCMs (CMIPS)
Muyinga (Area not provided)

Precipitation to rise by (~48.9 t0 43.5%) Rivas-Lopez etal. (2022)

Temperature to increase up to 5.9°C.

By the end of the century, mean annual discharge will

increase by d4%.

Extreme low discharge (Q90) will decrease by ~18%.

Daily extreme high discharge (Q1) will change varying from ~34.1
10.86.25%.

2 Ruvubu (9,277.7km?) 02 (CMIP6)

Precipitation to rise by 26.78% Kim etal. (2021)

Temperature to increase up to 5.53°C

Runoffto increase in the near future by 13.65 and 62.16% under
SSP126 and SSP8SS, respectively.

Runoffto increase in the far future by 4.94 and 65.36% under
SSP126 and SSP8SS, respectively.

Rwanda

1 Nyabugogo (1,661 km?) 10 GCMs (CMIP6) Precipitation to rise by 8.84% per decade Umugwaneza et al. (2021)

Temperature to increase by +0.46°C.

Mean annual discharge will decrease by —11.66 and —4.40% over
2020-2050 and 2050-2,100, respectively.

Under SSP585, annual discharge will increase by 3.25% in 2020~
2050 and reduce by 5.42% in 2050-2100,
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S.No.  Catchment (area)

1 Songwe catchment (10,800 knr’)

2 Ngerengere (2,780km?)

3 Usangu (23,400 km?)

4 Bahi (Manyoni; not specified)

5 Upper Pangani (1,218,290km?)

6 Kibungo (466.5km?)

7 Marabali (1,530km?)

8 Upper Ruvu River (7,663km?)

9 Kilombero (40,240 km?)

10 17 catchments: Bahi, Kagera, Lake

Eyasi, Lukuledi, Malagarasi,
Momba, Nyando, Pangani,
Ruahal, Ruaha2, Rufiji, Ruhuhu,
Ruvu, Ruvuma, Simiyu, Umba,
and Wami (13,200 to 130,000kn?)

Models
04 RCMs (CMIP5)

01 GCM (CMIP3)

05 GCMs (CMIP6)

No. of GCMs not
specified (CMIP5)

06 GCMs (CMIP3)

03 RCMs (CMIP5)

03 RCMs (CMIP5)

06 GCMs (CMIP3)

06 RCMs (CMIP3)

06 GCMs (CMIPS)

Findings

precipitation projected to increase
temperature projected to rise

Over 2,071-2,100,discharge will increase by
3.09-43.99%

‘Temperature increase by 0.2-2.6°C.

Precipitation change to vary from ~37 to 58%.

Mean annual discharge to reduce by 2.1 and 58% in
20505 and 20805, respectively:

Annual precipitation to rise by 7-17%

‘Temperatures to rise by 0.6-2.0°C.

Groundwater recharge to reduce by —26%

Precipitation and temperature to increase

Groundwater recharge to increase by 15-123% in
the 20805

increase by 16-18%
Temperature to rise by 2°C

Annual unmet water demand to increase up to 51.51%
in the 2060s

Annual precipitation to decrease

Temperature to increase by 0.045°Clyear.

Discharge to reduce by (65.4-195.9m’/s) and (7.63-
13.7m7s) over 2021-2040 and 20412070, respectively.

Precipitation to increase by up o 5.34%

Evaporation to increase by up to 22.08%.

Mean of daily discharge will decrease by ~15.91% over
2,071-2,100

Precipitation to increase by 2.9-78%

Temperature to increase by up to 3.1°C

Mean annual discharge will increase by 9.2-40.4% over
2081-2,100

Precipitation to change by (=83 to +22.5%)
Temperature to rise up to 5°C

Over 20,10-2,060, discharge will increase by
85-109%.

10- and 100-year discharge quantiles over 2,010-2,060
willincrease by 1319 and 37.19%,respectively.

Annual precipitation to increase by 0.8-27.4%.
Evapotranspiration to change by (~2.2 to 7.3%).

In most catchments, changes in discharge will be by
(19.3-145.6%) and (~43.3 to +12.7%) for wet and dry
season, respectively.

At country level, discharge of wet and dry seasons will
be (18.3-104:8%) and (~38.3 t0 +33.0%), respectively.
Country-wide average of the increase in discharge will

be in the ranges (7.5-73.4%).

Reference

Muwalwiba et al. (2023)

Shagega et al. (2020)

Mollel et al. (2023)

Hersi etal. (2023)

Kishiwa etal. (2018)

Mfwango et al. (2022)

Mutayoba et al. (2018)

Tibangayuka et al. (2022)

Niischen et al. (2019)

Adhikari et al. (2017)
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Country

Uganda

Kenya

Tanzania

Rwanda

Burundi

Ethiopia

CMIP phase
CMIP3

cMIPs
CMIP6
CMIP3
cMIPs
CMIPs
CMIP3

CMIPS

CMIPS
CMIP3
cMIPs
CMIPS
CMIP3
CMIPs
CMIPG

cMIP3

cMIPs

CMIP6

Studies that applied a particular CMIP phase

Abaho etal. (2011), Kingston and Taylor (2010), Mileham et al. (2009), Nyeko-Ogiramoi (2011), Nyenje and
Batelaan (2009)

Baraza (2019), Mehdi et al. (2021)

None

Mango etal. (2011), Taye etal. (2011), Wa

u (2008)
Mueni (2016), Musau et al. (2015), Sood et al. (2017)
Opere etal. (2022)

Kishiwa et al. (2018), Shagega et al. (2020)

Adhikari et al. (2017), Mfivango et al. (2022), Mutayoba et al. (2018), Mwalwiba et a. (2023), Naschen et al
(2019), Tibangayuka et al. (2022)

Hersi et al. (2023), Mollel et al. (2023)
None

None

Umugwaneza et al. (2021)

None

Rivas-Lopez et al. (2022)

Kim etal. (2021)

Abebe and Kebede (2017), Dile et al. (2013), Gebremeskel and Kebede (2018), Taye et al. (2011), Ungtae and
Kaluarachchi (2009)

Aich etal. (2014), Alemu et al. (2022), Mengistu et al. (2021), Takele et al. (2022), Tigabu etal. (2021),
Tilahun et al. (2023), Wubneh et al. (2022)

Gebrechorkos et al. (2023)
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No. Country Models Applied by

COSERO (Ederctal, 2005) | Mehdietal. (2021)
Wetspa (Liu et al, 2005) Nyenje and Batelaan (2009)
SMBM (Penman, 1950) Mileham et al. (2009)
1 Uganda SWAT (Arnold etal, 1993) | Abaho etal. (2011), Kingston and Taylor (2010)
AWBM (Boughton, 2004) Baraza (2019)
HMSV (Onyutha, 2019b) Baraza (2019)
VHM (Willems, 2014) Nyeko-Ogiramoi (2011)
WEAP (Yates et l, 2005) Opere etal. (2022)
SWAT (Arnold et al., 1993) Mango et al. (2011), Mueni (2016), Musau et al. (2015), Sood et al. (2017), Wairimu (2008)
: Kemya VHM (Willems, 2014) Taye et al. (2011)
NAM (Madsen, 2000) Taye ctal. (2011)
SWAT (Arnold et al., 1993), Adhikari etal. (2017), Hersi et al. (2023), Kishiwa et al. (2018), Mfwango et al. (2022), Mollel et al.
(2023), Mutayoba et al. (2018), Mwalwiba et al. (2023), Nischen et al. (2019)
3 szl HBV (Bergstrom, 1995) Shagega etal. (2020)
HEC-HMS (HEC-HMS, 2000) | Tibangayuka etal. (2022)
4 Rwanda SWAT (Amold etal, 1993) | Umugwaneza etal. (2021)
SWAT (Arnold et al., 1993) ‘Umugwaneza et al. (2021)
5 Burundi
SWIM (Krysanova etal,, 2015) | Rivas-Lopez et al. (2022)
‘WatBal (Yates, 1994) Hailemariam (1999)
HBV (Bergstrom, 1995) Abebe and Kebede (2017), Wabneh et al. (2023)
SWAT (Arnold et al., 1993) Alemu et al. (2022), Dile et al. (2013), Mengistu et al. (2021), Takele et al. (2022), Tigabu et al.
(2021), Tilahun et al. (2023)
6 Ethiopia VHM (Willems, 2014) Taye etal. (2011)

NAM (Madsen, 2000) Taye etal. (2011)
SWIM (Krysanova et al., 2015) Aich etal. (2014)
TANK (Sugawara, 1995) Ungtae and Kaluarachchi (2009)
WetSpa (Liu et al, 2005) Gebremeskel and Kebede (2018)

Full names of the models can be obtained from the model paper.
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1 Ruhezamyenda (381 k)

2 Upper River Ssezibwa (175km?)
3 Upper River Ssezibwa (175km?)
4 River Mitano (2,098km?)

s River Mitano (2,098 kn’)

6 (2,070km’)

7 River Rwizi (2,070km?)

8 River Katonga (6,955 km?)

Models
30 GCMs (CMIPS)

01 GCM (CMIP3)

01 GCM (CMIP3)

01 RCM (CMIP3)

07 GCMs.

06 GCMs (CMIP3)

22 GCMs (CMIP3)

22 GCMs (CMIP3)

Findings

+ Annual precipitation to increase by up 75%.

Actual evapotranspiration to increase by about

+8mm/month

Increase in discharge. The amount (%) by which the

discharge will increase was not specified.

Monthly precipitation to increase by 30-100%

Temperature to increase by 1.0-4.0°C.

Between the 20205 and 2080s, mean daily base flow and
recharge will increase by 20-80% and 20-100%,

respectively.

Monthly precipitation to rise by 10-16%.

Temperature to increase by 2.3 to 3.0°C.
Daily discharge will change by 47% by 2080s.
‘Groundwater recharge to increase by 15-40 and 60-100%

in wet and dry season, respectively.

Annual precipitation to increase by 14%
Annual PET to increase by 53%
Discharge and recharge will increase by 53 and 137%,

respectively

Annual precipitation to increase by 6.7%

Monthly PET to increase by up t0 9.6%

Groundwater will decrease (54%) in while lateral

discharge will increase by 41%.

Mean precipitation to decrease by 7.5%

Max temperature to increase by 10.0%
BASED on AWBM, 10-year daily discharge will decrease
by ~18.6% and ~15.8% in the 20505 and 20805,

respectively.
HMSV showed that 10-year daily discharge will increase

by up to 31.2and 59.1% in the 20505 and 2080s,

respectively.

Seasonal precipitation to decrease by ~15 to ~23%.

PET to increase by about 2-11%

Seasonal mean discharge to decrease by about ~20% in
the 2050s.

Seasonal precipitation to decrease by 10 to ~20%.

PET to increase by about 2 to +11%

Like for Rz, seasonal mean discharge to decrease by
about =20% in the 2050s.

Reference

Mehdi etal. (2021)

Nyenje and Batelaan (2009)

Abaho etal. (2011)

Milel

m etal. (2009)

Kingston and Taylor (2010)

Baraza (2019)

Nyeko-Ogiramoi (2011)

Nyeko-Ogiramoi (2011)
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Country  Water Number = Studies conducted

resources of
Component Articles

Groundwater 0 Abaho etal. (2011), Kingston and Taylor (2010), Mileham etal. (2009), Nyenje and Batelaan (2009)
! Uganda Baraza (2019), Mehdi et al. (2021), Mileham et al. (2009), Nyeko-Ogiramoi (2011), Nyenje and Batelaan
Discharge 05
(2009)
Groundwater 0 Nil
2 Kenya Mango etal. (2011), Mueni (2016), Musau et al. (2015), Opere et al. (2022), Sood et al. (2017), Taye et al.
Discharge o7
(2011), Wairimu (2008)
Groundwater 33 Hersi etal. (2023), Mollel etal. (2023)
3 “Tanzania - 0 Adhikari et al. (2017), Kishiwa et al. (2018), Mfwango et al. (2022), Mutayoba et al. (2018), Mwalwiba et al.
ischarge
. (2023), Nischen et al. (2019), Shagega etal. (2020), Tibangayuka et al. (2022)
Groundwater o Nil
4 Rwanda
Discharge o Umugwaneza et al. (2021)
Groundwater o Nil
5 Burundi
Discharge 02 Kim et al. (2021), Rivas-Lopez et al. (2022)
Groundwater o Tigabu etal. (2021)
y Abebe and Kebede (2017), Aich etal. (2014), Alemu etal. (2022), Dile et al. (2013), Gebremeskel and
6 Ethiopia

Discharge 13 Kebede (2018), Hailemariam (1999), Mengistu et al. (2021), Takele et al. (2022), Taye et al. (2011), Tilahun
etal. (2023), Ungtae and Kaluarachchi (2009), Wubneh et al. (2022, 2023)
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1 Awash River (113,700 km’)

3 Megech (513km’)

4 Upper Blue Nile
(176,000km?)

Y Gilgelabay (5,004 kn’)

5b Gumara (1,394km?)

6 Gilgel Gibe (5,141 km?)

7 (1,797km?)

8 Blue Nile (174,166 km?)

9 Upper Blue Nile catchment
(176,000km?)

10 Mojo (1,601.84kn’)

1 Lake Tana (15,000 km?)

12 Gilgel Abay River
(5,004km?’)

13 ‘The upper Blue Nile
(167,000km?)

Models
02 GCMs (CMIP phase not

specified)

02 GCMs (CMIPS)

01 RCM (CMIP3)

01 RCM (CMIPs)

06 RCM (CMIPS)

08 RCMs (CMIP5)

06 RCMs (CMIP5)

01 RCM (CMIP3)

04 RCMs (CMIP5)

06 GCMs (CMIP3)

04 GCMs (CMIPS)

17 GCMs (CMIP3)

01 GCM (CMIP3)

05 GCMs (CMIPS)

gs
Precipitation change to vary from —43 to 23%

Temperature to rise 4°C

By 20705, monthly discharge will decrease ranging from —10
to =34%.

Seasonal precipitation to increase by up to 190.9%
Seasonal PET to rise by up to 57%

Seasonal water availability will increase by 1.1 to 38.8 mm
(20405) and 2.7-56.9mm (20705).

Precipitation to increase by up to 34.5%

temperature to increase by up to 40.57°C.

Over 2,015-2,050, peak discharge will reduce in the range
~1747 t0 ~30.58%.

Precipitation to decrease by ~19%.

PET to increase by 27%

By 2080s, discharge will change over the range ~0.4
10 14.6%

Precipitation to increase by 3%
Temperature to increase by up to 2.7°C

Base flow will change varying from 58 to 26%.

Precipitation to increase by 4.4%
Temperature to increase by up to 3.8°C

Base flow will reduce from —3 to ~32%.

Precipitation to decrease in range ~9.2to ~14.3%
Temperature to rise in range 1.70 t0 279°C

Discharge will decrease in the range varying from ~14.71 to
~1255%.

Precipitation will increase by up to 25.3%
Increment in temperature to be 0.17°C

Discharge expected to decrease by (13 to ~14%).

Precipitation changes to vary from —13 to 6%

Annual PET to increase by about 10.4%.

By 2030, discharge will decrease over the range 54

to —31%.

Precipitation to increase by 11%

pet to increase by 16%

Changes in Q10 and Q90 will be by (~15 to 20%) and (=25
10 60%), respectively.

Precipitation to increase.
Temperature to increase by up t0 3.57°C.

Discharge is expected to decrease (by 6.68m’/s).
Precipitation decreases to vary from ~30 to 18%

PET to increase from 1 to 8%

Changes in the annual discharge by 2050s will vary from
~7210 75% (for VHM) and from —81 to 68% (for NAM).

Monthly precipitation to decrease by ~30%
Temperature to increase by ~2.4 t0 5°C

Changes in monthly discharge will vary from —40 to 50%.

Temperature to rise by up to 6°C.

Precipitation to increase in wet season

Daily high discharge will increase by (+10 to +50%).
Extreme low discharge will increase by (40 to 60%)

Reference

Hailemariam (1999)

Wubneh et al. (2023)

Abebe and Kebede (2017)

Mengistu et al. (2021)

Tigabu etal. (2021)

Tigabu etal. (2021)

Tilahun et al. (2023)

Gebremeskel and Kebede
(2018)

Takele etal. (2022)

Ungtae and Kaluarachchi
(2009)

Alemu etal. (2022)

(Taye etal, 2011)

(Dile etal, 2013)

(Aich etal., 2014)
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