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Abstract

:

The aquifers of the Togolese coastal sedimentary basin are the principal sources of water for almost half of the country’s population. These aquifers’ features have not been adequately monitored and studied. The resource is threatened by human activities, notably agriculture, industry, and withdrawals for drinking water supplies. This situation is exacerbated by the potential effects of climate change. For this research, a basin-scale study was conducted to estimate current groundwater recharge and its future evolution in response to climate change. A recharge model based on Thornthwaite–Mather balance equations using runoff coefficients characterizing land use was fed with current and future climate data from an optimistic scenario (RCP 4.5) and a pessimistic scenario (RCP 8.4). Despite the associated uncertainties, the soil–water balance model at monthly time steps predicts a recharge of 3 to 455 mm per year from 2020 to 2039, and 40 to 420 mm per year from 2040 to 2059 under the optimistic RCP 4.5 scenario. According to the pessimistic RCP 8.5 scenario, the recharge will range between 16 and 515 mm per year from 2020 to 2049 and from 1 to 467 mm per year between 2040 and 2059. As a result, the basin’s groundwater recharge range, which is currently 47 to 225 mm, will significantly increase. This study provides a scientific basis for the sustainable management of groundwater in the Togolese coastal sedimentary basin. The recharge of the groundwater in the basin will increase regardless of the climate scenario and will support future development in the Togolese coastal sedimentary basin.
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1. Introduction


Climate change is real [1], and it will modify the water cycle [2,3]. The hydrological cycle is affected by climatic variations and the interactions between precipitation, temperature, and evapotranspiration [4,5,6,7,8,9,10,11]. As a result, each change in the climate system induces a difference in the water system and vice versa [4], resulting in variations in water availability over time and space. Water excesses or deficits are likely to increase the severity of extreme weather events [12,13], including floods and droughts. The risk of deficit is, for its part, accentuated due to the overexploitation of water resources already observed in many regions of the world [14,15,16,17]. The impacts of climate change also manifest themselves on a social [18,19] and economic level, with the weakening of production systems [20,21,22], particularly in agriculture [23]. They are also illustrated by the increase in drilling costs, the reduction in well yields [24], and threats to ecosystems [25,26]. Finally, also due to climate change, pollution and the degradation of the quality of water resources from anthropogenic activities are accentuated [4,27,28,29].



This is why climate change is on the political agenda at the national and international levels [1], and also because regional adaptation strategies rely on water resources [30,31,32,33,34]. Assessments of the impacts of climate change on water resources have, therefore, become essential, with those concerning groundwater being even more essential because they represent approximately 98% of global freshwater resources [4,35].



Studies on the impacts of climate change on groundwater have multiplied in recent years, and they often focus on the evolution of recharge [4]. This is because precipitation and temperature determine the availability and movement of water in the environment, which, in turn, influences groundwater recharge rates [31]. It is then useful for authorities to know about the trends in groundwater recharge over time and space so they can make appropriate arrangements and develop effective water resources management plans [31,36,37,38].



Recharge is defined herein as the downward flow of water reaching the water table, adding to the groundwater storage [39]. However, the rate of aquifer recharge is one of the most difficult factors to measure when evaluating groundwater resources [36] and, by whatever method, is normally subject to many uncertainties and errors [40]. In fact, groundwater recharge depends on several factors, such as hydraulic conditions and the scale of estimation [38]. It should also be noted that unmanaged contexts may differ significantly from managed conditions, as recharge may vary depending on system boundary conditions. In addition, the determination of recharge variability in space and time, which is high, creates a number of unresolved problems that require additional investigation [36].



Groundwater recharge is generally estimated based on monitoring well data and measurements. The most common methods for estimating groundwater recharge are the soil–water balance method, the zero flux plane method, the one-dimensional soil–water flow model, the inverse modeling technique, the groundwater level fluctuation method, the hybrid water fluctuation method, the groundwater balance method, and isotope and solute profile techniques [40,41]. However, in many areas of the world [42], especially in sub-Saharan Africa, spatial and temporal coverage is scarce, and in situ measurements are nonexistent because they are relatively expensive [43]. Expense is a common limitation when applying some recharge estimation methods [44]. When considering such challenges, the water-budget method proves to be the most suitable because it is universal and adaptable [39]. Water budgets are fundamental to the conceptualization of hydrologic systems at all scales [39]. Building a preliminary water budget from existing data is an easy and logical first step in any study, regardless of whether water-budget methods will subsequently be used to estimate recharge [39]. It is based on the principle that the water input is equal to the quantity released plus (or minus) the change in the volume of water stored [45]. The balance can be estimated with semiempirical equations using precipitation and temperature, indirect estimates of evapotranspiration, and runoff [39,45,46,47]. Using these approaches, it is possible to estimate the recharge rate of a specific aquifer over extended areas, such as at the watershed scale [45]. Despite the uncertainties inherent in this method, it provides relevant information in terms of the characterization of anthropogenic and climate impacts on groundwater at a low cost and with few resources [11,30,48,49,50,51,52,53].



On a global scale, the worst projections related to reductions in recharge were identified for arid and desert areas; the highest recharges were identified in the northern regions and in areas at high altitudes, where recharge capacity is maintained or increases due to rapid snow and glacial melting from temperature increases [4]. Despite the advances achieved, more studies should be undertaken to analyze groundwater assessment at other latitudes to reach a complete and comprehensive understanding [4].



In Africa, characterizing the impacts of climate change on groundwater is crucial, due to the fact that more than half of the population depends on groundwater for their needs and economic activities [54]. In a continent where human and material resources are often limited, groundwater has the advantage of generally being of good quality and abundant [55]. This interest is also explained by the fact that groundwater has a buffering effect that mitigates the seasonal water availability fluctuations [56], which is a notable advantage in the face of climate change. However, there are questions, especially about the long-term renewability of groundwater in the African context. These questions are part of a more general reflection on the potential impacts of climate change on groundwater in Africa, in the face of increasing withdrawals, growing pollution, poor monitoring of the resource, and the uncertainties inherent in climate change and modeling [57].



On the African continent, work must be carried out on a case-by-case basis, due to complex local dynamics. If, in the Sahel and southern Africa, the trend is toward a future decline in recharge [33,58,59,60,61], other areas will experience notable increases in recharge, particularly in tropical and equatorial climates [32], due to climate change.



This study aims to estimate the current and future groundwater recharge in an aquifer system located in the Togolese coastal sedimentary basin in West Africa. This less-monitored aquifer is in an area marked by strong economic and demographic growth. This translates into significant water withdrawals associated with pollution risks, all within the context of climate change. Because of the region’s economic importance, the basin is undergoing rapid urbanization. This has resulted in increased groundwater abstraction, as well as pollution problems caused by inadequate sanitation infrastructure. It is important for decision makers to know how recharge will evolve over time and space, and therefore the future availability of groundwater. This will enable them to make the best choices in terms of decision making.



For this purpose, this study used the simple and robust Thornthwaite and Mather method [47]. The originality of this study, considering the rarity of the available data, lies in the use of data freely available on the Web (such as current and future local climate data, elevation models, and land-use data). All data were used to identify water balance parameters to support groundwater resource management strategies.




2. Materials and Methods


2.1. Study Area


The coastal sedimentary basin of Togo covers 3500 km2 and is in the maritime region situated in the extreme south of Togo, bordering the Atlantic Ocean (Figure 1). In all, 50% of the population is concentrated in less than 10% of its territory, making it the political and economic heart of the country. Groundwater contributes, almost completely, to satisfying human water demand and economic activities [62]. The morphology shows plateaus sloping toward the south with an elevation below 150 m. The basin has a humid tropical climate [63] characterized by a long rainy season from April to June and a brief rainy season from September to October, separated by dry seasons. From 1991 to 2020, the average annual precipitation ranged from 800 mm near the coast to 1400 mm north of the basin, and the average annual air temperature ranges from 24 to 30 °C. Land cover is characterized by settlements with a high proportion of bare soil surrounded by savannah, cropland, and water bodies [64,65].



The geology of the basin comprises two sedimentary series covering the crystalline basement (Figure 2 and Figure 3): Maastrichtian/Eocene deposits (sand, marly limestone, marl, and clay) and a Quaternary series of continental and coastal origin resting horizontally and unconformably on the marine series [66]. The groundwater consists mainly of water flowing in the unconfined sand-and-gravel aquifer of the Continental Terminal, the confined aquifer in the Paleocene sand and limestone, and the semi-confined aquifer in the Maastrichtian sand [67,68,69,70]. Groundwater monitoring started in 2015 with some piezometers, with an irregularity in the frequency of measurements that does not yet allow for a relevant analysis.



The soils of the area are predominantly sandy and clayey with some silty layers [71]. Five types of soil dominate the basin [71,72]: soils that have evolved little, such as erosion soils, contribution soils, and verticals; hydromorphic and tropical ferruginous soil concretions; non-indurated ferralitic soils; flooded, advanced, and hydromorphic soils in alluvial valleys; and marine sands of the coastline and lagoons. Over 60% of the soils in the maritime region where the basin is located are moderately or significantly degraded, while only 35% are slightly degraded. Soils that have not deteriorated are almost nonexistent. Urbanization, mining (phosphate, limestone, gravel, etc.), quarrying (sand, gravel, etc.), and coastal erosion are the main causes of this degradation trend.



To characterize groundwater recharge under current conditions, we relied on climatic conditions over the past 30 years (1991–2020). The current climate data are produced by the Climatic Research Unit (CRU) of the University of East Anglia, and data are presented at a 0.5° × 0.5° (50 km × 50 km) resolution [73,74]. The current tropical climate has average temperatures that oscillate between 26 and 28 °C during the year. Rainfall has two peaks that characterize the long rainy season from March to July and the short rainy season from September to November (Figure 4).




2.2. Methodology


The Thornthwaite–Mather water balance approach was selected for the recharge estimation [75]. This method of monthly accounting is predicated on the idea that the amount of water in the soil (including the partially saturated zone) can be conceptualized by a single water stock value (Si) stated in millimeters at the end of month i with a maximum water stock capacity (Smax). Depending on whether Pi (rainfall in month i) is more or less than PETi (potential evapotranspiration in month i), moisture is either added to or withdrawn from the total. The estimation of excess water is based on both runoff and groundwater recharge, and if Si rises, it cannot exceed Smax. When Si falls, its value cannot be less than zero, resulting in a probable water deficit and ETi (evapotranspiration for month i) being less than PETi.



In the first stage, a surface runoff map is built to calculate the infiltrated rain by overlaying maps of soil, land cover, and terrain slope according to their permeability capacities (Figure 5). It is derived from the many maps that have been assigned coefficients. The soil permeability map is created by reclassifying the region’s soil map based on its qualities and the percentage of clay/silt or organic matter. Sandy (high permeability or low runoff), silty (middle permeability or medium runoff), and clayey (low permeability or heavy runoff) are the three categories. Land use is used to generate the infiltration capacity map. As a result, the soil types are classed based on their infiltration capacity. Finally, the slope map is generated using the reclassified digital elevation model (DEM) of the study area. The soil permeability, land cover infiltration capacity, and terrain slope maps were input into an QGIS database and processed to produce the final surface runoff map (Figure 5).



The objective of the second step is to estimate the amount of water that can reach the aquifer based on climatic conditions (temperatures and precipitation) for each class of runoff coefficient. At each time step, soil moisture is calculated from the balance between what enters the soil by precipitation and what leaves it by evapotranspiration until the field capacity of a soil is reached.



In the third and final stage, the recharge values obtained are grouped together to produce a map of the groundwater recharge zone. In detail, the water balance equation is used to calculate the change in soil moisture (∆S) over successive months through the following equation:


∆S = Si − Si−1



(1)




where Si and Si−1 are soil moisture storage values in the current month and the previous month, respectively.



According to the change in soil moisture storage of the current month, current evapotranspiration (AE) is calculated using the following:


AE = PET, when P ≥ PET

AE = P + ∆S when P < PET



(2)




where P is the precipitation and PET is the potential evaporation; the soil moisture deficit (D) is taken as the difference between PE and AE (Equation (2)), while the surplus is calculated using P, PE, and S as follows:


D = PET – AE



(3)







When the conditions allow, the recharge is obtained (when P > PET) in the following way:


R = Si−1 + (P − PET)i − Smax; when Si = Smax



(4)







2.2.1. Data Collection


Our study is based on current and future monthly temperature and precipitation data for the maritime region covering the study area, which are available on the World Bank’s Climate Change Knowledge Portal [76]. Monthly potential evapotranspiration was estimated using the empirical formula created by Thornthwaite (1948), which requires only air temperature data [39].



The current and future monthly potential evapotranspiration were calculated from the monthly heat index for the 5° N latitude where the basin is located and the current and future monthly temperatures.



In addition to temperatures and precipitation, the water balance data collected for the study include soil moisture and the runoff coefficient. These are terms from within the water balance that are not directly available and are based on the literature, the soil map of Togo [71], the Shuttle Radar Topography Mission (SRTM) topographic data [77], and the MODIS Land Cover image [78] of the area.




2.2.2. Groundwater Recharge Estimation


	
The following sections detail the methods for estimating soil moisture (WS) and surface runoff (C) as well as the procedure for estimating recharge at the basin scale.






Soil moisture or the soil water content for a given month is calculated as follows:


WS = (WSmax) 10b(Inf-PET).



(5)




where WSmax is the water-storing capacity of the soil, Inf is the infiltration during the month, PET is the potential evapotranspiration during the month, and b is a coefficient determined as follows [79]:


b = 0.455/(WSmax)



(6)







In our study, the WSmax value is 100 mm. In the absence of specific studies on the area, we retained this value from recent work in the neighboring regions to the north in the Mono Basin and to the east in Benin [80,81].



	
Runoff classes estimation






We determined the runoff from a runoff coefficient C, according to Equation (1) proposed by the American Society of Civil Engineers (ASCE) [82] (Table 1), which represents the portion of rainfall that is converted to runoff before entering the soil budget calculation [45,46].


C = 1 − (C′1 + C′2+ C′3),



(7)







Here, C′1 is the soil permeability coefficient, C′2 is the infiltration capacity coefficient, and C′3 is the slope coefficient.



	⚬

	
Soil permeability coefficient (C′1): This was obtained from the soil map of Togo [71] by reclassifying soils into three types according to grain size: low (clay), moderate (sandy loam), and high permeability (sand).




	⚬

	
Infiltration capacity coefficient (C′2): To characterize land cover and thus infiltration capacity, we used MODIS satellite imagery of the study area taken in 2019 [78]. The image was reclassified according to the infiltration capacities contained in Table 1.




	⚬

	
Slope coefficient (C′3): The slope coefficient over the basin was generated as a map (Figure 6) from the STRM data [77]. Three slope intervals were defined: <2% (low slopes) with C′3 = 0.3; 2-7% (moderate slopes) with C′3 = 0.2; and >7% (high slopes) with C′3 = 0.1 [45,46,82].







Using the data described above, one may estimate groundwater recharge at any site in the basin based on its surface runoff coefficient. Appendix A describes the details of the recharge estimation technique [41,42,45,46].




2.2.3. Modeling Scenarios


In the following section, we sought to estimate the groundwater recharge in the basin under current and future climate conditions. Here, current and future climate data for the marine region where the study area is located are presented and described.



The future climate data for the region are CMIP5 [83] indicators investigated as a multi-model ensemble, presented at 1.0° × 1.0° (100 km × 100 km) resolution. Following global climate warming, the climate scenarios over the basin are RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5, i.e., from the most optimistic to the most pessimistic [84] (Figure 6).
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Figure 6. Projected mean temperature in the maritime region, Togo; (Ref, Period: 1986–2005), Multi-Model Ensemble [84]. 






Figure 6. Projected mean temperature in the maritime region, Togo; (Ref, Period: 1986–2005), Multi-Model Ensemble [84].
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For our study, we did not retain the RCP 2.6 and RCP 6.0 scenarios. Indeed, RCP 2.6 seemed to us, at this stage, to be too optimistic and, thus, not very realistic. Then, between RCP 6.0 and RCP 4.5, we retained the latter because, until 2060, which is the horizon of our study, the two scenarios present similar trends. The estimation of future groundwater recharge was therefore based on the RCP 4.5 scenario for the optimistic option and RCP 8.4 (Figure 7 and Figure 8) for the pessimistic evolution. The RCP 4.5 scenario [85] is an intermediate pathway that places the stable warming level at around 4.5 W/m2. The worst-case scenario RCP 8.5 is a reference scenario and represents the highest RCP scenario for GHG emissions without any explicit climate policy leading to 8.5 W/m2 in 2100 [86].



The climate projections predict an increasing trend in temperature (up to +2° and +2.5°) and precipitation (up to +125 and +170 mm) in the region under all scenarios. However, the RCP 4.5 scenario shows smaller increases than the RCP 8.5 scenario. In other words, the pessimistic scenario will see a higher rainfall and temperature than the optimistic scenario. It is important to keep in mind that this difference will become more prominent over time. The increase will be greater between 2040 and 2059 than between 2020 and 2039 (Figure 7 and Figure 8).



Note that the distribution of annual precipitation will also change. Increases will be more pronounced during the short rainy season. Ultimately, the two peaks will merge into a single rainy season from March to November (Figure 7 and Figure 8).






3. Results


3.1. Soil Permeability Map


The soil permeability map (Figure 9) shows a basin consisting mostly of sandy loam. The sands are located on the Atlantic coastline and riverbeds, while the clays are concentrated in the near upstream part of Lake Togo.




3.2. Land Cover Map


The result obtained in the form of a map (Figure 10) distinguishes between areas of high permeability (forest and grassland/savanna with C′2 = 0.2), which comprise most of the basin, and areas of medium and low permeability (cropland and urban with C′2 = 0.1).




3.3. Slope Map


Figure 11 shows relatively flat topographic slopes, mainly 2%. Gradients between 2% and 7% are usually on the banks, while gradients above 7% are almost nonexistent.




3.4. Runoff Coefficient Map


Computation of the runoff coefficient: the application of Formula (7) with the different values of C1, C2, and C3 identified previously allowed us to determine the values of C that can be obtained in the basin (Table 2). C thus varied from 0.1 for low runoff areas to 0.7 for high runoff areas.



The same operation was performed on the C1, C2, and C3 coefficient maps using QGIS software. The resulting runoff coefficient (C) map (Figure 12) shows C values ranging from 0.1 to 0.6. Indeed, due to the resolution (500 m), slopes higher than 7% located on the cliffs around the quarries were ignored.



This mapping work revealed that the runoff coefficients are unevenly distributed across the basin (Table 3). Half the basin has a runoff coefficient of 0.3 (C3). These are areas with low slopes (<2%) covered by savannah or grassland. Areas with a runoff coefficient of 0.4 (C4) are also important in the basin. They cover almost 30% of its surface area and correspond to urban areas located in low-slope zones (<2%).




3.5. Current Groundwater Recharge Map


The introduction of current climate data into the recharge calculation model for all runoff coefficient classes provided the results contained in Table 4. Under the current climate, it is noted that recharge is only possible on land with runoff coefficients between 0.1 and 0.4. The recharge ranges associated with these coefficients are spatially between 225 and 47 mm per year, for an average current groundwater recharge of about 136 mm.



Over the course of the year, there are two clear peaks in recharge in response to the two rainy seasons. The first recharge peak is related to the major rainy season, followed by a second, smaller peak after the minor rainy season (Figure 13). They correspond to the months in which the water table rises in the current period.



To better appreciate the distribution of recharge at the basin scale, the runoff coefficient map was reclassified with the corresponding recharge values. The current recharge map obtained (Figure 14) shows that the areas with medium (93 mm) and high (225 mm) recharge are located in the sandy soils (especially on the coast) and in the alluvial deposits on both sides of the riverbeds. Recharge is rather low (47 mm) in agricultural areas (cropland) and areas on sandy loam soils. Finally, recharge is zero in urbanized areas and areas on clay-type soils.




3.6. Future Groundwater Recharge


	
RCP 4.5 scenario in 2020–2039 and in 2040–2059






The introduction of climate projections according to the RCP 4.5 scenario over the period 2020–2059 into the recharge model provided the results contained in Table 5 and Table 6. Thus, depending on the streamflow coefficient, the annual recharge in the basin will be between 3.31 mm (for C = 0.6) and 456.71 mm (for C = 0.1). In this scenario, areas with runoff coefficients of 0.5 and 0.6 have recharges contrary to what was observed in the previous 30 years. Finally, in the period 2040–2059, during the year, the recharge process will take place in a single phase, unlike the two peaks observed in the current period This trend is explained by the general increase in precipitation that characterizes this scenario over these periods.



It is also noted that recharge thresholds will be lower in the 2040–2059 period than in the 2020-2039 period. This is because precipitation will be higher than in the current period but lower in 2040–2059 than in 2020–2039 (Figure 7b and Figure 8b).



	
RCP 8.4 scenario in 2020–2039 and in 2040–2059






Table 7 and Table 8 present the results from the recharge model using climate data under scenario 8.4. They show the same observations and trends as in scenario 4.5. Except that, in this case, the values are significantly higher.



For example, for C = 0.1 the recharge reaches 515 mm and for the least favorable areas (C = 0.6) the recharge is over 16 mm. As such, the 4.5 scenario, the 2040–2059 period, which is less rainy than the 2020–2039 period (Figure 7b and Figure 8b), consequently shows lower recharge.





4. Discussion


As described above, the Thornthwaite model was used to estimate current and future recharge under the RCP 4.5 and RCP 8.5 scenarios (for the periods 2020–2039 and 2040–2059) in the Togolese coastal sedimentary basin.



Our results, summarized in Figure 15, show that, in both scenarios, compared to the current period, groundwater recharge increases more under RCP 8.5 than under RCP 4.5. They also demonstrate that, in the future, recharge will occur in a single block, in contrast to the two peaks of recharge currently observed. This is because the groundwater recharge calculated by the Thornthwaite model is directly dependent on rainfall, and in both scenarios the area in which the basin is located will have only one rainy season, as opposed to the two seasons currently observed.



It is not easy to situate the trends observed in this study within major global trends. It can, however, be noted that the Togolese coastal aquifers are not part of the 44% of global aquifers that will experience recharge difficulties due to climate change [51]. Indeed, in a recent global review, Cárdenas Castillero, Kuráž, and Rahim Cárdenas Castillero, Kuráž and Rahim [4] located aquifers that experience decreases in recharge occurring in semi-arid and arid areas, while increases in recharge will be observed in regions where snow predominates in winter and at high altitudes such as the Alps and the Himalayas. Even though the author recognizes that the African continent where the study area is located remains to be studied, a relationship between the recharge and the quantity of water available on the surface in the future may also emerge in Africa. Thus, the regions in which a drop in precipitation is expected—in the Sahel, in North or southern Africa—will experience drops in groundwater recharge [33,58,59,60,61]. On the other hand, in equatorial and tropical regions, recharges are expected to increase due to future increases in precipitation [32,34].



While climate has a significant impact on groundwater recharge, local physical characteristics also play a role. The runoff coefficient, which reflects the impact of slope, soil permeability, and infiltration capacity, serves as an example. As may be seen from Figure 16, the recharge is inversely related to the runoff coefficient value. Whatever the climatic scenario, C1 = 0.1 is found to have the highest recharge. These are regions with very permeable soils, a mild slope (2%), and forest or savannah vegetation. Therefore, these circumstances favor groundwater recharge. The high runoff zones C6 = 0.6, which are situated on steep slopes (>7%) and where water does not have time to permeate the soil, are at the other end of the spectrum.



Although, in theory, the runoff coefficient determines the recharge in the basin, the surface area covered by each runoff coefficient will also have an absolute impact on the volume of groundwater that actually reaches the aquifer. Since C3 areas (0.3) constitute a larger portion of the basin’s surface area than C1 areas (0.1), it is clear that these areas experience higher recharge volumes (Table 9 and Figure 17).



It is also critical to remember that we cannot have blind faith in these outcomes. The anticipated intensity of precipitation may result in more runoff than expected, which will lower the anticipated recharge, given the projected increase in extreme events. Therefore, to produce a more accurate estimate of recharge, information on past, present, and projected changes in rainfall intensity will be required. It is precisely the projected increase in rainfall variability, in both intensity and frequency, that, according to Aizebeokhai [87], will most likely result in a reduction in recharge in most of southern Nigeria, a region subject to a climate comparable to that of our study area.



Second, changes in land use can also reduce recharge if soils are sealed or increase expected recharge if developments lead to artificial recharge. Favreau et al. [88] describe an increase in recharge in the Nigerien Sahel due to the type of land use, despite the reduced rainfall observed. On the other hand, even if recharge does occur, it will only supply the unconfined aquifer and the Maastrichtian semi-captive aquifer. The risk of emptying and therefore losing the confined Paleocene aquifer cannot therefore be ruled out.



Finally, a rapid increase in recharge cannot be good news, given that the terminal continental unconfined aquifer is almost outcropping, particularly in the city of Lomé. Groundwater levels could rise significantly in the area, which could cause geotechnical issues and more frequent flooding.



To conclude this section, the results obtained need to be contextualized not as absolute values, but as relative values. Using the methodology adopted, besides considering its own uncertainties related to the water balance, it is necessary to add the many uncertainties related to the climate projections and their scaling [89]. These results therefore provide directions and trends that must be clarified in the future.




5. Conclusions


In this study, the current groundwater recharge and its future evolution under the RCP 4.5 “optimistic” and RCP 8.4 “pessimistic” climate scenarios were estimated in an ungauged basin in the tropics using the Thornthwaite–Mather balance method. In the context of limited data on groundwater, it was a question of estimating the future evolution of recharge and its distribution in space.



The work was based on current temperature and precipitation data observed in the region between 1991 and 2020 and future climate projections for the periods 2020–2039 and 2040–2059. Evapotranspiration was achieved using the Thornthwaite method, and runoff was estimated based on a coefficient that considers the slope, infiltration capacity, and permeability of the soil.



In today’s climate, annual recharge ranges from 47 to 225 mm. The spatial distribution map of the current recharge obtained from the different runoff classes indicated that recharge in the Togolese coastal sedimentary basin depends almost entirely on the nature of the soil. The highest recharge occurs in the sandy deposits along the shoreline and riverbanks. The lowest recharges are in the sandy loam, especially those marked by urbanization and agriculture. The estimate of future recharge is trending upwards. Under the optimistic RCP 4.5 scenario, recharge will be between 3 and over 455 mm per year from 2020 to 2039 and between 40 and 420 mm per year over the period 2040–2059. Under the pessimistic 8.5 scenario, recharge in the basin will be between 16 and 515 mm per year from 2020 to 2049 and between 1 and 467 mm per year over the period 2040–2059.



This study, which is the first to focus on the issue of recharge in the area, illustrates elements of great importance. First, it shows that the recharge in the basin correlated to precipitation will increase. As a result, from a quantitative standpoint, the risk of water scarcity is low if soil artificialization is controlled and withdrawals are reasonable. On the other hand, the study allowed us to identify the preferential zones of groundwater recharge. This offers the possibility to better target the actions to protect the resource from the risk of pollution, but also to guard against the risks linked to a possible excess of water, such as rising water tables. In the context of limited resources, this is valuable information which will be available to local water resource managers. Indeed, if recharge tends to increase in the future, decision makers can consider directing the limited resources available to preserving water quality to make optimal use of them. However, to determine precise answers, efforts are needed to monitor the resource and to manage land cover and waterproofing, and research is needed to better characterize water balance conditions in time and space, such as evapotranspiration, runoff, and soil moisture.
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Table A1. Recharge computation table.





	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
Av Monthly Pmm (mm) (Input data)

	
INPUT DATA




	
Av Monthly T (°C) (Input data)




	
Potential Evapotranspiration PET (mm) (Input data calculated from the Thornthwaite formula)




	
Runoff Coef C (Input value: 0.1. 0.2. 0.3. 0.4. 0.5. or 0.6)




	
Surface Runoff SR (mm) = Pmm × C

	

	

	

	

	

	

	

	

	

	

	

	




	
Infiltration INF (mm) = Pmm − SR

	

	

	

	

	

	

	

	

	

	

	

	




	
IN-PET (mm) = INF-PET

	

	

	

	

	

	

	

	

	

	

	

	




	
Field Capacity of Soil FC (mm) = WS = (WSmax) 10b(Inf-PET). with b = 0.3333 for Wsmax = 100 mm

	

	

	

	

	

	

	

	

	

	

	

	




	
FC change (mm) = FC current − FC previous month

	

	

	

	

	

	

	

	

	

	

	

	




	
Water deficit WD (mm) = (IN-PET) − FC when IN-PET is negative

	

	

	

	

	

	

	

	

	

	

	

	




	
Current Evapotranspiration AET (mm) = PET − WD

	

	

	

	

	

	

	

	

	

	

	

	




	
Recharge R (mm) = (IN-PET) − FC Change. when IN-PET is positive

	

	

	

	

	

	

	

	

	

	

	

	









The first step is to set the value of the runoff coefficient for which recharge is sought. Then, the monthly temperature and precipitation data are entered into the table, as well as the monthly potential evapotranspiration.



From these inputs, the first component of the water balance calculated is the surface runoff SR (mm), which is the product of Pmm and C. It is then possible to determine the infiltration INF (mm) by removing the SR from the Pmm. The next step in IN-PET is to remove the PET from the infiltrated water to determine the amount of water in the soil. With this value, it is possible to determine the field capacity of the soil according to the Thornthwaite formula. The next line describes the FC change, which is the variation in FC in the soil from one month to another. The table then describes the calculation of the current evapotranspiration and water deficit, which are the other components of the water balance.



Finally, the monthly recharge is determined by removing the FC change for the month from the water that has reached the soil depths, i.e., when IN-PET is positive.



By repeating this approach for the different values of the runoff coefficient it is therefore possible to estimate the ranges of recharges that can occur in the study area. Considering that recharge is a response of the aquifer system to climatic conditions through the first few meters of soil, it is possible to estimate the responses of the different types of runoff coefficient in the basin to different climatic scenarios.
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Figure 1. Location of the study area. 
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Figure 2. Geomorphological units of the coastal sedimentary basin in Togo and limits of Lomé (adapted from DHE [68]). 
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Figure 3. Transverse N-S geological cross-sections (a), as reported in Figure 2 from DHE [68]. 
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Figure 4. Monthly climatology of min temperature, mean temperature, max temperature, and precipitation for 1991–2020 in the maritime region, Togo [73,74]. 
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Figure 5. Surface runoff map design method. 
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Figure 7. (a) Projected climatology of mean temperature for the 2020–2039 maritime region of Togo; (Reference Period: 1986–2005). RCP 4.5 and RCP 8.5. Multi-Model Ensemble; (b) projected climatology of precipitation for the 2020–2039 maritime region of Togo; (Reference Period: 1986–2005). RCP 4.5 and RCP 8.5. Multi-Model Ensemble [84]. 
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Figure 8. (a) Projected climatology of mean temperature for the 2040–2059 maritime region of Togo; (Reference Period: 1986–2005). RCP 4.5 and RCP 8.5. Multi-Model Ensemble; (b) projected climatology of precipitation for the 2040–2059 maritime region of Togo; (Reference Period: 1986–2005). RCP 4.5 and RCP 8.5. Multi-Model Ensemble [84]. 






Figure 8. (a) Projected climatology of mean temperature for the 2040–2059 maritime region of Togo; (Reference Period: 1986–2005). RCP 4.5 and RCP 8.5. Multi-Model Ensemble; (b) projected climatology of precipitation for the 2040–2059 maritime region of Togo; (Reference Period: 1986–2005). RCP 4.5 and RCP 8.5. Multi-Model Ensemble [84].
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Figure 9. Soil (permeability) map. 
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Figure 10. Land cover map. 






Figure 10. Land cover map.
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Figure 11. Slope map. 






Figure 11. Slope map.
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Figure 12. Runoff coefficient map. 






Figure 12. Runoff coefficient map.
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Figure 13. Annual distribution of current groundwater recharge. 
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Figure 14. Current groundwater recharge distribution map. 
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Figure 15. Groundwater recharge evolution in the Togolese coastal sedimentary basin. 
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Figure 16. Recharge evolution according to runoff coefficient in the Togolese coastal sedimentary basin. 
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Figure 17. Recharge evolution according to volumes infiltrated in the Togolese coastal sedimentary basin. 
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Table 1. Values of the coefficients for runoff calculation adapted for the study area from the ASCE [82] tabulation.






Table 1. Values of the coefficients for runoff calculation adapted for the study area from the ASCE [82] tabulation.





	
Type of Area

	
C′






	
Soil (C′1)

	
Clay

	
0.1




	
Silt

	
0.2




	
Sand

	
0.4




	
Land cover (C′2)

	
Cropland

	
0.1




	
Urban

	
0.1




	
Grassland/Savanna

	
0.2




	
Forest

	
0.2




	
Slope (C′3)

	
<2%

	
0.3




	
2–7%

	
0.2




	
>7%

	
0.1











 





Table 2. Values for runoff coefficient (C) adopted.






Table 2. Values for runoff coefficient (C) adopted.





	
Soil Permeability

	
C′1

	
Infiltration Capacity

	
C′2

	
Slope

	
C′3

	
Runoff Coefficient. C






	
High permeability

	
0.4

	
Forest

	
0.2

	
<2%

	
0.3

	
0.1




	
0.4

	
0.2

	
2–7%

	
0.2

	
0.2




	
0.4

	
0.2

	
>7%

	
0.1

	
0.3




	
0.4

	
Grass/Sav

	
0.2

	
<2%

	
0.3

	
0.1




	
0.4

	
0.2

	
2–7%

	
0.2

	
0.2




	
0.4

	
0.2

	
>7%

	
0.1

	
0.3




	
0.4

	
Cropland

	
0.1

	
<2%

	
0.3

	
0.2




	
0.4

	
0.1

	
2–7%

	
0.2

	
0.3




	
0.4

	
0.1

	
>7%

	
0.1

	
0.4




	
0.4

	
Urban

	
0.1

	
<2%

	
0.3

	
0.2




	

	
0.4

	
0.1

	
2–7%

	
0.2

	
0.3




	
0.4

	
0.1

	
>7%

	
0.1

	
0.4




	
Moderate permeability

	
0.2

	
Forest

	
0.2

	
<2%

	
0.3

	
0.3




	
0.2

	
0.2

	
2–7%

	
0.2

	
0.4




	
0.2

	
0.2

	
>7%

	
0.1

	
0.5




	
0.2

	
Grass/Sav

	
0.2

	
<2%

	
0.3

	
0.3




	
0.2

	
0.2

	
2–7%

	
0.2

	
0.4




	
0.2

	
0.2

	
>7%

	
0.1

	
0.5




	
0.2

	
Cropland

	
0.1

	
<2%

	
0.3

	
0.4




	
0.2

	
0.1

	
2–7%

	
0.2

	
0.5




	
0.2

	
0.1

	
>7%

	
0.1

	
0.6




	
0.2

	
Urban

	
0.1

	
<2%

	
0.3

	
0.4




	
0.2

	
0.1

	
2–7%

	
0.2

	
0.5




	
0.2

	
0.1

	
>7%

	
0.1

	
0.6




	
Low permeability

	
0.1

	
Forest

	
0.2

	
<2%

	
0.3

	
0.4




	
0.1

	
0.2

	
2–7%

	
0.2

	
0.5




	
0.1

	
0.2

	
>7%

	
0.1

	
0.6




	
0.1

	
Grass/Sav

	
0.2

	
<2%

	
0.3

	
0.4




	
0.1

	
0.2

	
2–7%

	
0.2

	
0.5




	
0.1

	
0.2

	
>7%

	
0.1

	
0.6




	
0.1

	
Cropland

	
0.1

	
<2%

	
0.3

	
0.5




	
0.1

	
0.1

	
2–7%

	
0.2

	
0.6




	
0.1

	
0.1

	
>7%

	
0.1

	
0.7




	
0.1

	
Urban

	
0.1

	
<2%

	
0.3

	
0.5




	
0.1

	
0.1

	
2–7%

	
0.2

	
0.6




	
0.1

	
0.1

	
>7%

	
0.1

	
0.7











 





Table 3. Spatial distribution of runoff coefficients in the basin.






Table 3. Spatial distribution of runoff coefficients in the basin.





	
Surface Runoff Coef C

	
Surface




	
km2

	
in %






	
C6

	
28.0

	
1%




	
C5

	
138.3

	
4%




	
C2

	
241.7

	
7%




	
C1

	
322.8

	
10%




	
C4

	
997.1

	
29%




	
C3

	
1659.2

	
49%











 





Table 4. Recharge under the current climate computation.
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	Surface Runoff Coef C
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Total





	0.1
	
	
	
	12.0
	0.0
	106.5
	16.0
	
	32.7
	57.5
	
	
	224.7



	0.2
	
	
	
	
	31.4
	72.3
	12.6
	
	21.7
	42.5
	
	
	180.5



	0.3
	
	
	
	
	
	53.4
	1.3
	
	10.5
	27.4
	
	
	92.6



	0.4
	
	
	
	
	
	34.5
	
	
	
	12.3
	
	
	46.7



	0.5
	
	
	
	
	
	
	
	
	
	
	
	
	



	0.6
	
	
	
	
	
	
	
	
	
	
	
	
	



	Maximum potential monthly recharge (mm)
	
	
	
	12.0
	31.4
	266.6
	30.0
	
	64.9
	139.6
	
	
	544.5










 





Table 5. Recharge under the RCP 4.5 scenario in the 2020–2039 computation.
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	Surface Runoff Coef C
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Total





	0.1
	
	
	
	
	
	109.1
	76.7
	104.4
	86.9
	79.6
	
	
	456.7



	0.2
	
	
	
	
	
	82.6
	63.3
	82.7
	68.0
	61.2
	
	
	357.8



	0.3
	
	
	
	
	
	56.4
	49.2
	61.2
	49.2
	42.9
	
	
	258.8



	0.4
	
	
	
	
	
	30.4
	34.4
	40.0
	30.4
	24.6
	
	
	159.8



	0.5
	
	
	
	
	
	4.8
	19.1
	18.9
	11.7
	6.3
	
	
	60.7



	0.6
	
	
	
	
	
	
	3.3
	
	
	
	
	
	3.3



	Maximum potential monthly recharge (mm)
	
	
	
	
	
	283.3
	246.0
	307.1
	246.2
	214.6
	
	
	1297.2










 





Table 6. Recharge under the RCP 4.5 scenario in the 2040–2059 computation.
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	Surface Runoff Coef C
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Total





	0.1
	
	
	
	
	
	78.2
	108.4
	90.2
	84.3
	59.4
	
	
	420.4



	0.2
	
	
	
	
	
	58.6
	86.1
	70.5
	65.6
	42.7
	
	
	323.5



	0.3
	
	
	
	
	
	
	63.7
	50.8
	46.9
	26.0
	
	
	187.5



	0.4
	
	
	
	
	
	
	41.4
	31.2
	28.3
	9.4
	
	
	110.2



	0.5
	
	
	
	
	
	
	19.1
	11.5
	9.6
	
	
	
	40.2



	0.6
	
	
	
	
	
	
	
	
	
	
	
	
	



	Maximum potential monthly recharge (mm)
	
	
	
	
	
	136.8
	318.7
	254.1
	234.6
	137.5
	
	
	1081.8










 





Table 7. Recharge under the RCP 8.4 scenario in the 2020–2039 computation.
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	Surface Runoff Coef C
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Total





	0.1
	
	
	
	
	
	78.8
	125.4
	126.9
	104.3
	79.9
	
	
	515.5



	0.2
	
	
	
	
	
	59.6
	101.5
	103.6
	83.6
	61.3
	
	
	409.6



	0.3
	
	
	
	
	0.4
	
	77.6
	80.2
	62.8
	42.7
	
	
	263.8



	0.4
	
	
	
	
	
	
	53.7
	56.8
	42.1
	24.1
	
	
	176.7



	0.5
	
	
	
	
	
	
	29.8
	33.4
	21.4
	5.5
	
	
	90.1



	0.6
	
	
	
	
	
	
	5.9
	10.0
	0.6
	
	
	
	16.5



	Maximum potential monthly recharge (mm)
	
	
	
	
	0.4
	138.5
	394.0
	410.9
	314.8
	213.7
	
	
	1472.3










 





Table 8. Recharge under the RCP 8.4 scenario in the 2040–2059 computation.
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	Surface Runoff Coef C
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Total





	0.1
	
	
	
	
	
	66.0
	122.3
	115.3
	77.8
	85.9
	
	
	467.3



	0.2
	
	
	
	
	
	47.2
	97.8
	92.5
	59.2
	65.8
	
	
	362.4



	0.3
	
	
	
	
	
	28.3
	73.4
	69.6
	40.6
	45.7
	
	
	257.6



	0.4
	
	
	
	
	
	
	49.0
	46.7
	22.0
	25.6
	
	
	143.4



	0.5
	
	
	
	
	
	
	24.6
	23.9
	3.5
	5.5
	
	
	57.4



	0.6
	
	
	
	
	
	
	0.1
	1.0
	
	
	
	
	1.1



	Maximum potential monthly recharge (mm)
	
	
	
	
	
	141.5
	367.2
	349.0
	203.0
	228.5
	
	
	1289.3










 





Table 9. Recharged volume evolution as a function of runoff coefficient.






Table 9. Recharged volume evolution as a function of runoff coefficient.





	

	
Infiltrated Water Volume (106 m3)




	
Surface Runoff Coef C

	
Surface (km2)

	
Current

	
RCP 4.5_2020–2039

	
RCP 4.5_2040–2059

	
RCP 8.5_2020–2039

	
RCP 8.5_2040–2059






	
C1

	
322.8

	
72.5

	
147.4

	
135.7

	
166.4

	
150.8




	
C2

	
241.7

	
43.6

	
86.5

	
78.2

	
99

	
87.6




	
C3

	
1659.2

	
153.6

	
429.5

	
311.2

	
437.7

	
427.5




	
C4

	
997.1

	
46.6

	
159.4

	
109.9

	
176.2

	
142.9




	
C5

	
138.3

	

	
8.4

	
5.6

	
12.5

	
7.9




	
C6

	
28.0

	

	
0.09

	

	
0.5

	
0.03
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