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Abstract

:

Water scarcity for smallholder farming in West Africa has led to the shift of cultivation from uplands to inland valleys. This study investigates the impacts of climate and land use/land cover (LULC) change on water resources in an intensively instrumented inland valley catchment in Southwestern Burkina Faso. An ensemble of five regional climate models (RCMs) and two climate scenarios (RCP 4.5 and RCP 8.5) was utilized to drive a physically-based hydrological model WaSiM after calibration and validation. The impact of climate change was quantified by comparing the projected period (2021–2050) and a reference period (1971–2000). The result showed a large uncertainty in the future change of runoff between the RCMs. Three models projected an increase in the total runoff from +12% to +95%, whereas two models predicted a decrease from −44% to −24%. Surface runoff was projected to show the highest relative change compared to the other runoff components. The projected LULC 2019, 2025, and 2030 were estimated based on historical LULC change (1990–2013) using the Land Change Modeler (LCM). A gradual conversion of savanna to cropland was shown, with annual rates rom 1 to 3.3%. WaSiM was used to simulate a gradual increase in runoff with time caused by this land use change. The combined climate and land use change was estimated using LULC-2013 in the reference period and LULC-2030 as future land use. The results suggest that land use change exacerbates the increase in total runoff. The increase in runoff was found to be +158% compared to the reference period but only +52% without land use change impacts. This stresses the fact that land use change impact is not negligible in this area, and climate change impact assessments without land use change analysis might be misleading. The results of this study can be used as input to water management models in order to derive strategies to cope with present and future water scarcities for smallholder farming in the investigated area.
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1. Introduction


Sustainable water and land resource management is crucial for poverty reduction, food security, and ecosystem preservation in West Africa, where the majority of the population earn their livelihood from rainfed agriculture [1,2,3,4]. The region has experienced high variability in rainfall during the last five decades and is expected to be the most impacted worldwide by climate change in the twenty first century [5,6,7,8,9,10,11,12].



Regional climate models (RCMs) have been increasingly utilized to assess the hydrological impacts of climate change because they can be applied at a higher spatial resolution (from 0.11° to 0.44°) compared to global climate models (GCMs) [13]. Therefore, they better represent variations of land surface, vegetation, topography, and coast-line compared to GCMs [14]. RCMs use physically-based modeling for downscaling. Consequently, a coherence between climate variables, especially precipitation and temperature, can be conserved [13,15].



The Coordinated Regional Climate Downscaling Experiment (CORDEX-Africa) project used a dynamical downscaling method to simulate relatively high spatial resolution climate variables for the African domain [14,16,17,18,19]. The dynamical downscaling method consists of using GCM data as the initial and lateral boundary conditions for the RCMs [20].



In hydrological impact assessment studies, simulated climate variables from one or several climate models are often employed to force one or several hydrological models [21,22,23,24].



RCM data are frequently associated with systematic errors when compared to historical observation data [25,26,27,28]. The uncertainty in climate simulations is directly translated to the output of hydrological models [29]. Thus, these data are difficult to use in climate impact studies without bias correction [25].



Several post-processing bias correction methods of RCM data have been proposed [30,31]. Most bias correction methods are based on the assumption that the bias distribution in a historical period does not change in the future. Fundamentally, this hypothesis cannot be verified; it can only be falsified [32]. Moreover, bias correction methods have been criticized for violating some RCM assumptions by altering the physical relationship between climate variables, including the relationship between precipitation and temperature [31,33,34,35]. Although Maraun et al. [31] fiercely criticized bias correction, they did not suggest the dismissal of bias correction in impact assessment studies. They highly recommended a good understanding of the sources of climate model bias and the selection of a bias correction method accordingly. For more transparency on the uncertainty induced by bias correction, some authors have recommended reporting both bias-corrected and non-bias-corrected results [34].



Post-processing bias corrections are not the only source of uncertainties in hydrological impact assessments. Uncertainties exist at each step of the assessment chain [15]. In the European domain, it has been demonstrated that GCMs are a more major source of uncertainty compared to RCMs and other sources of uncertainties [15,36]. Findings in North America seem to indicate that the largest uncertainty originates from internal climate variability [37,38]. Regional internal climate variability is the variability induced by only changing the initial conditions of an RCM. Internal climate variability is more pronounced when precipitation is the most influencing factor in a water-limited environment [24].



In order to account for the large uncertainties in climate projections, it has been recommended to apply multiple climate models and multiple-run ensemble approaches [16,39,40].



The selection of the type of hydrological model (conceptual vs. physically-based) is not exempt from uncertainty. Thus, In addition to climate model ensembles, the use of hydrological model ensembles has been suggested [41].



Land use change has been proven to significantly influence the hydrology of regions. Therefore, hydrological impact assessment studies might not be realistic if land use change impact is not included in the analyses [42,43].



Many hydrological impact studies have been conducted in West Africa. Aich et al. [44] compared the impact of climate change on streamflow in four major river basins in several African regions. Kasei [45] analyzed climate change in the Volta River basin (400,000 km²), and Bossa et al. [46] analyzed climate change in the Ouémé River basin (49,256 km²), Benin. However, few studies have investigated hydrological impacts at a small scale in the region [17,47,48]. Studies that combine impacts of climate and land use change on hydrology with a focus on inland valleys are very rare in the West African region [47], but they are urgently needed to support the conception of strategies for utilizing the high potential of inland valleys to contribute towards ensuring food security in future.



The objective of this study was to look into the impact of climate and land use change on water resources in an inland valley in the Bankandi-Loffing catchment (Burkina Faso) in order to support informed decision making for the smallholder farmers who are the most vulnerable to climate change. Separated and combined effect of climate and land use changes were scrutinized.




2. Materials and Methods


2.1. Study Area


The study area called Bankandi-Loffing is an inland valley catchment of 30 km² located in the south-west of Burkina Faso in West Africa (Figure 1). Except for the western border, comprising the Ioba Mountains, the majority of the catchment is characterized by flat terrain with a mean slope of 4° and a modal slope of 3°. This has allowed for the formation of inland valleys.



The climate is Sudan-Sahelian and is characterized by unimodal rainfall starting from May and ending in October, with a maximum rainfall in August (Figure 1b). The annual rainfall range is from 800 to 1200 mm with more than 2000 mm of potential evapotranspiration per year. The average daily temperature is 21–32 °C. The region experiences frequent occurrence of droughts (Figure 1c).



The geology of the catchment consists of Precambrian formations that are part of the West African craton. The Paleoproterozoic basement is made of Birimian green stone belts (from 2238 to 2170 million years old), volcano–sedimentary, and plutonic sequences [48]. The Ante-Birimian granites are found in upstream areas, and Birimian shists are located in the downstream areas of the catchment [49].



According to the soil classification of the World Reference Base [50], Plinthosols are the predominant soil types in the investigated area (Figure 1f). They cover 73% of the catchment area. Cambisols and Gleysols are the second most observed soil types in the area. Cambisols and Gleysols each account for 11% of the Bankandi-Loffing catchment. The texture of Plinthosols varies with soil depth from loam to clay, whereas the texture of Gleysols and Cambisols changes from clay loam or silt loam to silt clay loam. Plinthosols are frequently observed in uplands of inland valleys, while Gleysols and Cambisols are located in the valley bottoms.



The vegetation is mainly of the savanna type (a mix of shrubs, trees, and herbs) (Figure 1e). The savanna covers 40% of the Bankandi-Loffing catchment, while forest represents 20% of the catchment area. The most cultivated food crops are millet (Panicum miliaceum), sorghum (Sorghum bicolor), and maize (Zea mays). Millet and sorghum are cultivated in 11% of the catchment area, and 8% of the catchment are used for maize cultivation. Rice (Oryza sativa or Oryza glaberrima) is mainly cultivated in the valley bottoms of the inland valleys and is grown in 3% of the catchment area. Cotton is the major cash crop and accounts for 11% of the catchment area. Grasslands (5% of the catchment area) are used for cattle grazing.




2.2. Climate Model Ensemble


The impact of climate change on water resources in an inland valley catchment was assessed using climate data of CORDEX-Africa. A climate ensemble constituting five RCM–GCMs was applied for the impact assessment (Table 1).



The ensemble was obtained from three regional climate models (RCMs) that use four global climate models (GCMs) as boundary conditions. An ensemble of several RCM–GCMs was necessary in order to account for the uncertainties associated with climate models [53,54]. An study at the regional scale by Laux et al. [40] recommended an ensemble of more than ten RCM–GCMs for precipitation-related impact studies. Due to data availability, the authors of the present study applied five RCM–GCMs. Each RCM–GCM datum consisted of precipitation and air temperature for a reference period (1971–2000) and a predicted period (2021–2050). According to Vautard et al. [55], the selected reference period corresponded to 0.46 °C air temperature increase compared to the pre-industrial period (1881–1910). For the predicted period, two greenhouse gas emission scenarios were considered, namely the representative concentration pathways (RCPs) 4.5 and 8.5 [56]. The daily temperature and precipitation of the RCM–GCMs were available at a 0.44° spatial resolution. Temperature and precipitation were extracted from 3 × 2 nodes, and the average values were applied to calibrate the WaSiM (Water flow and balance Simulation Model) hydrological model. Bias-corrected temperature obtained using the delta change approach [57] and precipitation obtained using the non-parametric quantile mapping [58] were employed to force WaSiM. Non-bias-corrected effects on impact assessments have been extensively discussed in previous studies [17,59]. Therefore, they are not presented in this study.



The decision to use only bias-corrected climate variables was motivated by the fact that bias correction reduces inconsistencies and deviations; it restores the timing of rainy seasons and considerably minimizes inter-node deviations [17]. This subsequently leads to a more realistic seasonal distribution of precipitation and air temperature. Therefore, bias correction makes climate variables suitable for the hydrological impact assessment of climate change [15,17,25,59,60,61,62].




2.3. Land Use/Land Cover (LULC) Prediction


The historical LULC data were obtained from the work of Landmann et al. [63] and Forkuor [51]. Satellite images from three sensors, namely Landsat, RapidEye, and TerraSAR-X, were used. Only satellite images with a cloud coverage of less than 20% were considered for download. The catchment falls into tile Path 196, Row 052. The spatial resolution ranges from 5 to 30 m. The acquisition dates were in the cropping seasons in order to capture different crop-growing stages.



The future LULC maps (LULC-2019, LULC-2025, and LULC-2030) were developed based on historical maps (LULC-2000 and LULC-2013) using the Land Change Modeler (LCM) [64]. The LCM is an empirically driven processing software that follows three steps. The first step is the past land cover analysis, and the second step is the modelling of transition potentials. For this step, the LCM uses a multi-layer neural network [65] to model the potential for land transition from one land use class to another. The method considers multiple variables including slopes, distance to roads, previously deforested areas, and settlements. The calibrated transition potential model is then used for future scenario predictions. Finally, the last step consists of using historical rates of change and the transition potential model to determine changes of land use per pixel and time step. At this step, a stochastic Markov chain technique [66] is applied to simulate the probability of LULC, and a future LULC map is generated. The LCM is presented in Figure 2.




2.4. Calibration and Validation of the Hydrological Model


To study the impacts of climate change on hydrology, a calibrated hydrological model is often forced by RCM–GCM climate variables including precipitation and temperature [21,24,68,69,70,71]. In this study, the Water flow and balance Simulation Model (WaSiM) was applied (Figure 3).



The Bankandi-Loffing catchment was initially calibrated and validated at an hourly time step using the Penman–Monteith approach [73] for evapotranspiration estimation [74]. As temperature is the only climate variable available at a daily time step for evapotranspiration approximation, the model was recalibrated at a daily time step using the Hamon method to estimate evapotranspiration for the climate impact assessment [72,75,76,77]. The recalibration of the model was solely based on the optimization of the Hamon monthly correction factor, which depends on season and location. The model was calibrated during 2014–2015 and validated in 2016 using LULC-2013 as a reference, and the annual water balance was estimated.




2.5. Estimation of the Hydrological Model Performance


A multi-criteria approach was applied for model performance estimation in order to account for the deficiency of a single criterion approach [78]. The objective functions include the Nash–Sutcliffe Efficiency (NSE) [79], the Kling–Gupta Efficiency (KGE) [29,80], the coefficient of determination (R²) [81], and the percent bias (Pbias) [82]. The optimization of the model is oriented towards maximizing each of the first three objective functions (R², NSE, and KGE) for discharge with a perfect model yielding 1 for each of them. R² ranges from 0 to 1, whereas NSE and KGE range from −∞ to 1. Concerning Pbias, the optimal value is zero, and it ranges from −100% to +∞. The positive and negative Pbias are equivalent to overestimation underestimation, respectively, of the discharge by the model. A model is assessed as being satisfactory when NSE > 0.5 and −25% < Pbias < +25% [82]. A lower satisfactory limit of 0.5 is also considered for KGE.



The most optimal parameter set is assumed to be the one with the highest KGE for discharge. This is due to the fact that KGE not only incorporates R² in its equation but also accounts for both conditional and unconditional biases [80,83]. According to Equation (2), maximizing each of the components of KGE will result in maximizing KGE [29].



R² was not chosen to select the optimal simulation as it only measures the concentration of points around an imaginary line in a graph simulated against observed discharge. R² does not measure the concentration of points around a 1:1 line (R² is susceptible to systematic errors). The use of only R² for model performance estimation might be misleading [78].



Although NSE is the most employed dimensionless objective function in hydrological modeling, it has been criticized for using mean observed discharge as the baseline. This might lead to the overestimation of model performance when a significant seasonal variation of runoff is observed [80].




2.6. Climate and Land Use Scenarios


Climate and land use scenarios were implemented according to Table 2. For each of the five RCM–GCMs, the bias-corrected precipitation and temperature were utilized as input for the calibrated hydrological model. The hydrological model was separately run for each of the three components of the RCM–GCM (reference period, RCP 4.5, and RCP 8.5) for 30 years. The reference period (1971–2000) and the predicted period (2021–2050) were preceded by the same warmup period of 6 years. The water balance of each RCM–GCM for RCP 4.5 and RCP 8.5 were compared to their counterpart reference periods. An equal duration (30 years) of predicted and reference periods was used, and the predicted periods were compared to the reference period in order to cancel out systematic bias related to the hydrological and climate models. The systematic error is assumed to be constant between the reference period and the predicted period [84]. The identical warmup period was used to avoid variation in the initial conditions of the hydrological model.



The predicted RCM–GCMs were compared to their counterpart modeled past and not to the observed historical data because the bias correction was not perfect. Therefore, comparing predicted modeled data with observed data could add a new layer of uncertainty to the impact assessment.



LULC-2013 was considered as the reference LULC and was used during the reference period and the predicted periods, except while assessing the combined climate and land use change impact. During the assessment of combined climate and land use change impact, LULC-2013 was replaced by LULC-2030 for the predicted future climate scenarios (Table 2).





3. Results and Discussion


3.1. Hydrological Model Performance and Water Balance


The simulated hydrograph (Figure 4) and the model performance statistics (Table 3) demonstrated a good performance of the hydrological model at the daily time step using the Hamon method for evapotranspiration estimation. There was good agreement between simulated and observed total runoff in terms of timing and magnitude. Most of the peak flows were well-captured. However, some extreme events were not well-captured. This can be attributed to the uncertainty increase in the observed data with the size of the flood due to overbank flows.



The Kling–Gupta efficiency (KGE) [29,80] was approximately 0.7 for the calibration and validation periods. The Nash–Sutcliffe efficiency (NSE) [79] (≥0.5) and percent bias (24% for calibration period and 21% for validation) were satisfactory [82,85].



The annual average change in storage was negative during the simulation period (delta S = −30 mm). This is partly attributed to not only the short simulation period but also (mainly) to the high inter-annual variability of rainfall during the observation period (2014–2016). The annual rainfall in the year 2015 was 21% higher than that of the year 2014 and 16% higher than that of the year 2016. Therefore, the simulation period could not be qualified as a stationary period and the equilibrium of the water balance was not completely reached. In the dry years, the water deficit was compensated for by the soil moisture originating from the shallow groundwater of inland valley bottoms. In the valley bottoms, the groundwater table was found to be near the ground surface and consequently significantly contributes to soil moisture through capillary action.



In general, the water balance was found to be in the range of previous studies in the region [17,42,86]. Given that the impact assessment was conducted by comparing the modeled relative alterations in water balance components between the predicted period and the simulated reference period, the systematic error was cancelled out [87].




3.2. Predicted Land Use Land Cover


Figure 5 shows a gradual conversion of savanna to cropland and settlement. The average annual reduction rate of savanna was 1.1% of the catchment area, and the highest conversion rate occurred from 2007 to 2013 (3.3% of the catchment area per year). The trend of savanna conversion was previously reported by Yira et al. [42], who analyzed the impact of LULC change on hydrological processes in the catchment including evapotranspiration and soil infiltration. The change in evapotranspiration could be attributed to the change in vegetation characteristics such as albedo, which modifies evapotranspiration by changing net solar radiation [73]. In addition to albedo, canopy surface resistance, leave area index, root depth, and the length of the growing period are influenced by LULC change and consequently led to variations in evapotranspiration.



However, LULC change influences infiltration rates by modifying macropore distribution in the soil. In a similar catchment in Northern Benin, Giertz et al. [43] demonstrated a significant decrease in the number of macropores from savanna to cropland. Macropore distribution was found to affect interflow and base flow.



On the question of drivers of land use change, many studies have suggested that population growth in West Africa (3% per year) is the main driver of savanna conversion to cropland [42,47,88,89,90,91]. This is needed to satisfy the considerable increase in food demand in the region. Moreover, the evolution of the farming systems suggests that the development of cotton cultivation has significantly contributed to the savanna conversion [42,47]. The production of cotton increased from 75,476 t in 1990 to 280,000 t in 2013 (270% increase) at the country level [92].



Other drivers of natural vegetation conversion into croplands include bushfires, mining, wood harvesting, and climate variability [93]. The conversion is frequently associated with the vulnerability of soil to erosion and soil fertility losses. This, in return, exacerbates more natural ecosystem conversion to agriculture. Hounkpatin et al. [94] estimated soil organic carbon loss in the Dano catchment of up to 24 t C ha−1 (ton carbon per hectare) at the top 10 cm and 49 t C ha−1 at the upper 30 cm in 29 years.




3.3. Sensitivity of the Hydrological Model to LULC Change


Four historical LULC maps (LU-1990, LU-2000, LU-2007, and LU-2013) and three predicted future LULC maps (LU-2019, LU-2025, and LU-2030) were utilized to run the calibrated hydrological model for three years (2014–2016). The annual mean water balance results (Table 4) demonstrated a linear decrease in the actual evapotranspiration (ETa), while the total runoff increases with conversion of savanna to croplands. The savanna area decrease was found to be highly correlated to the change in mean annual ETa, and more than 96% of the variation of the annual ETa could be attributed to the decrease in savanna area (Pearson correlation coefficient R² = 0.96; p-value = 0.0001). The relative decrease in ETa from LU-2013 to LU-2030 was −5%, whereas the relative increase in the total runoff was +27%. This seems to suggest that runoff was nearly six times more sensitive to savanna conversion than ETa. Moreover, the increase in the total runoff was primarily driven by the increase in the surface runoff (R² = 0.996; p-value < 0.0001). This could contribute to a soil erosion increase and a soil fertility loss for agriculture [95].



The variation of average monthly ETa (Figure 6e) suggested that the largest differences between the land use scenarios occurred at the beginning (May, June, and July) and the end of the rainy season (October). The magnitude of monthly ETa in September was approximately the same for all the land use scenarios. This can be explained by the fact that there was sufficient water to satisfy the monthly potential evapotranspiration in September. The total runoff (Figure 6a), surface runoff (Figure 6b), and base flow (Figure 6d) clearly demonstrated September as the month of the highest contrast between the scenarios, while August recorded the maximum variance for interflow (Figure 6c).



Many authors have documented the conversion of savanna to cropland in the region and a subsequent increase in runoff [42,47,91,93,96,97,98,99]. Mahé et al. [99] reported 30% decline in natural vegetation and 23% cropland increase from 1965 to 1995 in the Nakambe River basin in Central–Northern Burkina Faso. They attributed the subsequent increase in runoff to the decrease in soil water holding capacity (WHC). In a similar climatic zone in Northern Benin, Giertz et al. [43] found that the infiltration rate of natural savanna was significantly higher than that of croplands. Therefore, croplands tend to produce more runoff than savanna areas.



It is noteworthy that evapotranspiration was found to considerably influence the outcome of the resulting water balance in this study. None of soil parameters were modified. Thus, the change in water balance could not be attributed to a change in infiltration. As the Hamon method of evapotranspiration was applied instead of the Penman–Monteith method, parameters such as albedo and canopy surface resistance could not explain the variation of the actual evapotranspiration either [73,75]. The major parameter in this study that was found to influence the change of the water balance with land use change was root depth, which was influenced by the length of vegetation period. The root depth varied throughout the year from 0.2 to 1.8 m under the natural savanna. Most of cropland comprised bare soil (root depth 0 m) during the dry season (January to May). In the cropping period (from June to October), the root depth ranged from 0.01 to 0.53 m. The following parameters may have contributed to a lesser extent: the specific thickness of water layer on the leaves (interception parameter, IntercepCap), the root distribution (RootDistr), the vegetation cover fraction (VCF), and the leave area index (LAI). This is supported by the results of Leemhuis et al. [100] and Beck et al. [101] in their studies in tropical regions in Indonesia and Puerto Rico, respectively. Hence, evapotranspiration reduction as a result of natural savanna conversion to cropland favors infiltration excess runoff by increasing soil moisture. Furthermore, it is important to note that rainfall characteristics (intensity and distribution in time) play crucial roles in runoff generation [102,103].




3.4. Climate Change Impact on Hydrological Response


Figure 7 illustrates the input climate model data (precipitation and air temperature) and the output main water balance components (total runoff, surface runoff, interflow, base flow, and actual evapotranspiration) for the reference period (1971–2000). The comparison between the five RCM–GCMs using the nonparametric, pairwise, and corrected Wilcoxon test showed no significant difference for the reference climate input data of most of the RCM–GCMs. This suggests that most of the RCM–GCMs belonged to the same population and had a similar distribution for the reference period. However, significant differences were observed in the actual evapotranspiration between RACMO-EARTH and each of the following models: CCLM-CNRM (p-value = 0.0197), CCLM-ESM (p-value = 0.0164), and HIRHAM-NorESM (p-value = 0.0426). A similar result was observed for base flow with significant differences between RACMO-EARTH and CCLM-CNRM (p-value = 0.0309) and between RACMO-EARTH and CCLM-ESM (p-value = 0.0426). It is important to note that a significant difference for base flow occurred, although there was no significant difference for the total runoff was due to the low contribution of base flow to runoff.



The relative changes in temperature and precipitation and the implication for water balance components are depicted in Figure 8. All models revealed an increase in temperature compared to the reference period (Figure 8g). The increase in temperature is higher for RCP 8.5 than RCP 4.5. This is because the greenhouse forcing of RCP 8.5 (>1370 ppm CO2 equivalent) is stronger than the greenhouse forcing of RCP 4.5 (~650 ppm CO2 equivalent) [56]. The annual increase in temperature was found to range from 1 to 2 °C until 2030. The highest increases in temperature were predicted by CCLM-EARTH and CCLM-ESM. The predicted temperature was consistent with the decision adopted by the Conference of the Parties at its twenty-first session in Paris (COP 21). The Paris agreement urgently recommended that parties limit the temperature increase to well below 2 °C compared to the pre-industrial level [54,104,105].



Although the investigated climate models unanimously simulated an increase in temperature, they diverged on precipitation signals (Figure 8f) and the uncertainties were high among the ensemble members. CCLM-EARTH and CCLM-ESM predicted the highest increases in temperature and projected negative precipitation signals, while the other models (CCLM-CNRM, HIRHAM-NorESM, and RACMO-EARTH) simulated positive signals. For the models that predicted positive precipitation signals, the increase in annual precipitation was higher under high greenhouse gas forcing (RCP 8.5) than moderate greenhouse gas forcing (RCP 4.5). However, for the models that predicted negative precipitation signals, there was no clear trend of precipitation signals as function of greenhouse gas concentration. The climate models predicted precipitation increases from 3% (predicted by HIRHAM-NorESM under RCP 4.5) to 18% (predicted by CCLM-CNRM/RCP 8.5), and the decreases ranged from −10 to −5%. Yira et al. [17] obtained an increase from +1 to +18% and a decrease from −9 to −6% in precipitation in a 6.5-times larger catchment in Dano compared to the Bankandi-Loffing catchment. Op de Hipt et al. [59] found an increase from +6 to +19% and a decrease from −11 to −4% in the Dano catchment (4 times larger than the Bankandi-Loffing catchment). It is noteworthy that the selected climate models did not present opposite signals between RCP 4.5 and RCP 8.5.



Furthermore, the models with higher increases in temperature projected lower increase in mean annual precipitation, whereas the models with lower increases in temperature showed higher increases in mean annual precipitation. This seems to contradict the Clausius–Clapeyron relation [106]. According to the Clausius–Clapeyron equation, rainfall intensity increases with greenhouse gas under constant moisture availability at global or regional scale. Annual comparison of rainfall in this study might be the reason for the differences. Additionally, at a local scale, air moisture might significantly vary. Importantly, the distribution of daily rainfall showed an increase in the 95th percentile for most of the models. The daily rainfall 95th percentile increased in a range from 2% to 24% compared to the reference period for all the models. This was applicable to the negative and positive precipitation signal models. The increase in intense rainy days was associated with a decrease in rainy days for most of the climate models. This is consistent with previous studies in the region that demonstrated not only an increased rainfall intensity and a decreased number rainy days but also a delay of rainy season onset [7].



The direction of change in the estimated water balance components (Figure 8a–e) were superimposed by precipitation signals. CCLM-EARTH and CCLM-ESM showed negative changes, while the other models predicted positive changes. This suggests that the predicted water balance was mainly influenced by precipitation in the study area. This is consistent with the work of Yira et al. [17], who found that this is attributed to water-limited conditions of the area. Evidence from a similar catchment in California simulated using the SWAT model is also in line with these findings [107,108]. However, insight from Op de Hipt et al. [59] seems to indicate that potential evapotranspiration is more influential on runoff than rainfall; they attributed the divergent finding to the structural difference between the hydrological models SHETRAN [109] and WASIM [72].



The annual actual evapotranspiration (ETa) (Figure 8e) was found to vary from 0% (no change) predicted by HIRHAM-NorESM/RCP 4.5 to +12% projected by CCLM-CNRM/RCP 8.5. CCLM-EARTH/RCP 4.5 projected the lowest ETa decrease (−6%). In contrast with ETa, the total runoff (Figure 8a) exhibited a much higher increase (from +12% to +95%) and decrease (from −44% to −24%). The total runoff decrease was expected to be an order of magnitude less than the increase but still more prominent than the decrease in ETa.



A more detailed analysis of the runoff components clearly demonstrated that surface runoff (Figure 8b) was expected to have a major change. The maximum surface runoff change was predicted by HIRHAM/RCP 8.5 (+256%), followed by CCLM-CNRM/RCP8.5 (+166%). Moreover, a considerable increase in surface runoff was noted under RCP 4.5, such as a +133% increase projected by HIRHAM-NorESM and a +106% increase by CCLM-CNRM. However, CCLM-EARTH predicted decreases of −51% and −46% under RCP 4.5 and RCP 8.5, respectively, and CCLM-ESM projected negligible change in surface runoff under RCP 4.5 and an only −12% decrease under RCP 8.5. If the increase in surface runoff, such as that predicted by CCLM-CNRM and HIRHAM-NorESM, occurred, it would be detrimental for soil in terms of erosion and fertility loss [42,47,59,95,110].




3.5. Predicted Dry Spell Change


Daily bias-corrected modelled rainfall data were utilized to analyze dry spells of >5 days and >10 days in wet seasons (from June to October) by comparing the predicted period (from 2021 to 2030) with the reference period (from 1971 to 2000). The threshold of a rainy day was assumed to be 0.1 mm.



Figure 9 depicts the variable relative change of dry spells for the five climate models under RCP 4.5 and RCP 8.5. Some models predicted increases in dry spells. The increase in dry spells ranged from 12% to 96% for >5 day dry spells and from 12% to 125% for >10 day dry spells compared to the reference period. Nonetheless, other models projected a decrease in dry spells that ranged from −10% to −44% for >5 day dry spells and from −2% to −44% for >10 day dry spells. The models CCLM-EARTH and CCLM-ESM predicted a decrease in annual rainfall (Figure 8f). However, CCLM-EARTH predicted a decrease in dry spells, whereas CCLM-ESM predicted an increase in dry spells. This suggests that the decrease in annual rainfall was mainly due to an increase in dry spells for CCLM-ESM. This is in line with the work of Kendon et al. [111], who found the decrease in precipitations to be due to decrease in rainfall occurrence in the West African region. As for CCLM-EARTH, the decrease in annual rainfall might have been due to its projection of light rainfall. However, some models have been reported to show increase sin rainfall intensity in the region [112].



In general, the changes in >10 day dry spells were expected to be higher than the changes in >5 day dry spells. In a similar study in East Africa, it was found that maize experienced at least one >10 day dry spells in a range from 74% to 80% of the season [113]. The occurrence of dry spells during the flowering and grain filling stages might lead to yield reduction or crop failure [114,115].




3.6. Climate and Land Use Change Impact on Hydrology


The results of the combined impact of climate and land use change on hydrology are depicted in Figure 10. The land use change exacerbated the increase in runoff due to climate change (Figure 10a). Under the effect of land use 2030, CCLM-CNRM, HIRHAM-NorESM, and RACMO-EARTH projected a total runoff increase range from +52% to +158% compared to the reference period. The maximum increase was predicted by CCLM-CNRM/RCP 8.5, whereas the lowest increase was observed with RACMO-EARTH/RCP 4.5. Total runoff increased by a factor of 1.4–4.5 times compared to the climate change impact only scenario depending on the ensemble member.



Nevertheless, the CCLM-EARTH and CCLM-ESM models predicted a total runoff decrease range from −29% to −11%. In this case, the highest and the lowest decrease were observed under RCP 4.5 forcing. Land use change reduced the impact of climate change for these climate models (CCLM-EARTH and CCLM-ESM) by a factor of 0.5–0.7 compared to the climate change impact only scenario.



A comparison with the previous scenario (climate change impact only) clearly revealed that from 27% to 78% of total runoff change could be attributed to land use change. Consequently, the impact of land use change on the total runoff significantly varied with the climate model. The maximum land use change contribution was predicted under RACMO-EARTH/RCP 4.5 forcing, whereas the minimum land use change impact contribution was projected under HIRHAM-NorESM/RCP 8.5. Thus, the projected land use impact indicated that the impact of land use change on total runoff is not negligible and cannot be ignored when studying future climate impact on hydrology in the area.



The runoff component analyses (Figure 10b–d) revealed that the major driver of runoff change was surface runoff (Figure 10b). A nearly fourfold increase in surface runoff was expected under RCP 8.5 for CCLM-CNRM (+281%) and HIRHAM-NorESM (+305%). Surface runoff was projected to approximately triple under RACMO-EARTH/RCP 8.5 (+186%), CCLM-CNRM/RCP 4.5 (+185%), and HIRHAM-NorESM/RCP 4.5 (+173%). This could subsequently intensify soil erosion, with disastrous loss in soil fertility if no mitigation strategies are put in place.



It is interesting to note a significant increase in base flow with land use change from 3–44% in the first scenario (Figure 8d) to 67–141% (Figure 10d) in the second scenario compared to the reference period. The contribution of the land use change to base flow increase was therefore estimated to be 69–96% of the combined land use and climate change. This seems to suggest that land use change is the major driver of base flow change in the catchment. No direct relationship existed between base flow and land use parameters. The increase in the base flow with land use change can be attributed to the surplus of water due to the decrease in ETa from the first scenario (from 0% to 12% compared to the reference period; Figure 8e) to the second scenario (from −3% to 7% compared to the reference period; Figure 10e). This may be attributed to the fact that root depth was greater in the savanna (from 0.2 to 1.8 m used for WaSiM parameterization) than in croplands (from 0 to 0.61 m used for WaSiM parameterization).



The monthly signal variations of the input climate variables (Figure 11) and the subsequent simulated water balance before and after the application of land use change (Figure 12) illustrated the seasonal variations of the water balance (in mm).



Figure 11a,b suggests that the peak rainfall changes occurred in June under RCP 4.5 for CCLM-CNRM, HIRHAM-NorESM, and RACMO-EARTH, whereas the peaks were expected two months later (in August) under RCP 8.5 for CCLM-CNRM and RACMO-EARTH. The peak magnitude of rainfall change increased from RCP 4.5 to RCP 8.5 for CCLM-CNRM, HIRHAM-NorESM, and RACMO-EARTH (positive precipitation signal models) and decreased from RCP 4.5 to RCP 8.5 for CCLM-EARTH (negative precipitation signal model).



The simulated monthly change in total runoff is depicted by Figure 12(a1–a4). Like rainfall, the extreme changes of total runoff under RCP 8.5 forcing were delayed compared to those under RCP 4.5 forcing. For instance, the extreme changes of total discharge were expected in July under RCP 4.5 forcing, whereas they were expected in August under RCP 8.5 for CCLM-CNRM, HIRHAM-NorESM, and CCLM-EARTH. A similar prediction was obtained for surface runoff (Figure 12(b1–b4)) and interflow (Figure 12(c1–c4)). However, base flow peak changes were projected to occur in August regardless of greenhouse gas forcing.



For ETa, no general trend could be observed in terms of the time of occurrence of the peaks for the first scenario (Figure 12(e1,e2)). However, under the second scenario (Figure 12(e3,e4)), the ETa change appeared to gradually increase during the rainy season from June to October.





4. Conclusions


The hydrological impacts of climate and land use change were investigated in an inland valley catchment using five RCM–GCMs under RCP 4.5 and RCP 8.5 greenhouse gas forcing. After the calibration and validation of WaSiM, bias-corrected simulated daily rainfall and temperature were applied to force the hydrological model for the reference period (1971–2000) and the future period (2021–2050).



The calibration (2014–2015) and validation (2016) of the WaSiM presented good agreement in terms of hydrographs and objective functions between the observed and simulated discharge. KGE was equal to approximately 0.7, NSE > 0.5, and Pbias ranged between 21% and 24%.



The sensitivity of the hydrological model to land use change was investigated using four historical LULC maps from 1990 to 2013 and three simulated LULC maps from 2019 to 2030. The results showed an increase in runoff over time with the conversion of the savanna to croplands.



The impact of climate change on streamflow was assessed by comparing the predicted period with the reference period. The results suggested a large spread for the future change of runoff in response to the non-agreement between the RCM–GCM simulations. Three models projected an increase in the total runoff from +12% to +95% and ETa from 0 to 12%, whereas two models predict decreases in total runoff from −44% to −24% and ETa from −6% to −3%. Surface runoff was projected to record the highest relative change compared to the other runoff components.



The combined climate and land use change was estimated by using LULC-2013 in the reference period and LULC-2030 as future land use. The results indicated that land use change exacerbated the increase in total runoff (from +52% to +158% compared to the reference period) predicted by the three RCM–GCMs and reduced the decrease in total runoff (from −29% to 11% compared to the reference period) predicted by the other two models.



After comparing the two scenarios, it was concluded that the contribution of land use change impact on hydrology was substantial and significantly varied with the climate model (from 27% to 78% of the combined climate and land use change).



The spread of the future predictions did not lead to one direction to follow for the development of climate adaptation strategies. However, the selected model ensemble allows for the exploration of both directions of change (increase or decrease in water resource). Given the uncertainty of the future projections and the adverse impacts that might arise from the implementation of some adaptation strategies, it is clearly better to opt for preventive measures.



The results of this study can be used as input to water management models in order to derive strategies to cope with present and future water scarcities for smallholder farming in the investigated area. The adaptation measures could include:




	
The building of stone-lines, mulching, and agroforestry to reduce excess runoff and increase soil water availability (as options to react on increasing surface runoff).



	
The creation of infiltration facilities (wells, ponds, artificial wetlands, and check dams) to reduce direct evaporation and increase groundwater storage.



	
The introduction of short-time growing crops in order to cope with increased dry spells.








Combining short- and long-term hydrological information could help smallholder farmers who generally practice rainfed agriculture to make informed decisions regarding how to cope with the adverse impacts of climate change. Unfolding that potential can be facilitated by conveying the information on the current hydro-meteorological situation (in relation to deviation from long-term situation) on short-notice to smallholders via extension service and digital channels.
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Figure 1. Location map of the Bankandi-Loffing catchment in Dano. (a): Catchment location in Burkina Faso and West Africa, the marking (“pentagram”) shows the position of the catchment in Burkina Faso; (b): monthly mean rainfall and temperature from 1970 to 2016; (c): 12 month Standardized Precipitation Index (SPI) and Standardized Precipitation Evaporation Index (SPEI) values for the period of 1970–2016; (d): instrumentation of the Bankandi-Loffing catchment and the considered sub-catchments; (e): land use land cover of the catchment in the year 2013; (f): soil attributes of the catchment. (Data sources: country outlines: www.maplibrary.org, 1 April 2020; historical rainfall and temperature: National meteorology service of Burkina Faso; digital elevation: Shuttle Radar Topography Mission (SRTM) 1 Arc-Second by NASA; land use land cover: [51], soil type: [52]). 
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Figure 2. Land cover modeling using the Land Change Modeler (LCM). (LULC: land use land cover. Source: [67]). 
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Figure 3. Schematic representation of WaSiM with the implemented modules [72]. 
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Figure 4. Comparison of simulated discharge using Hamon ETp and observed discharge at the outlet of the Bankandi-Loffing catchment. The vertical dashed line separates the calibration (2014–2015) period from the validation (2016) period. 
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Figure 5. Spatial and temporal variation of historical land use and land cover (LULC 1990, 2000, 2007, and 2013) and the predicted future LULC (years 2019, 2025, and 2030) at a spatial resolution 200 m. 
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Figure 6. Mean monthly water balance variation with land use land cover change for the period of 2014–2016. Land use (LU) for the years 2019, 2025, and 2030 are modeled land use and land cover. (a): Total runoff (Qt); (b): surface runoff (Qs); (c): interflow (Qi); (d): base flow (Qb); (e): actual evapotranspiration (ETa); and (f): rainfall (P). The same meteorological dataset for all land use scenarios was used. 
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Figure 7. Annual water balance distribution during the reference period (1971–2000) for the five RCM–GCMs using LULC 2013: M1: CCLM-CNRM; M2: CCLM-EARTH; M3: CCLM-ESM; M4: HIRHAM-NorESM; and M5: RACMO-EARTH. Qt: total runoff (a); Qs: surface runoff (b); Qi: interflow (c); Qb: base flow (d); ETa: actual evapotranspiration (e); P: precipitation (f); Temp.: air temperature (2 m height) (g). 
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Figure 8. Annual change of air temperature (Temp.) and precipitation (P) in the period of 2021–2050 and the subsequent change of actual evapotranspiration (ETa), total runoff (Qt), surface runoff (Qs), interflow (Qi), and base flow (Qb) compared to the period of 1971–2000 (LU-2013 was employed for both reference and prediction periods): M1: CCLM-CNRM; M2: CCLM-EARTH; M3: CCLM-ESM; M4: HIRHAM-NorESM; and M5: RACMO-EARTH. (a): total runoff; (b): surface runoff; (c): interflow; (d): base flow; (e): actual evapotranspiration; (f): precipitation; and (g): temperature. 
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Figure 9. Relative changes of >5 day and >10 day dry spells of the predicted period (from 2021 to 2030) compared to the reference period (from 1971 to 2000): M1: CCLM-CNRM; M2: CCLM-EARTH; M3: CCLM-ESM; M4: HIRHAM-NorESM; and M5: RACMO-EARTH. Bias-corrected data were utilized. The threshold of a rainy day was set 0.1 mm. The analysis was performed in the rainy season (from June to October). 
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Figure 10. Annual change for the period of 2021–2050 (LULC 2030) of total runoff (Qt), surface runoff (Qs), interflow (Qi), base flow (Qb), and actual evapotranspiration (ETa) compared to the period of 1971–2000 (LULC 2013): M1: CCLM-CNRM; M2: CCLM-EARTH; M3: CCLM-ESM; M4: HIRHAM-NorESM; and M5: RACMO-EARTH. (a): total runoff; (b): surface runoff; (c): interflow; (d): base flow; (e): actual evapotranspiration. 
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Figure 11. Monthly change of precipitation (a,b) and air temperature (c,d) for five RCM-GCMs (CCLM-CNRM, CCLM-EARTH, CCLM-ESM, HIRHAM-NorESM, and RACMO-EARTH). The predicted period (2021–2050) for each representative concentration pathway (RCP 4.5 and RCP 8.5) was compared to a reference period (1971–2000). P: precipitation, Temp.: air temperature at 2 m height; vertical dashed lines mark the beginning and end of the rainy season. 
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Figure 12. Monthly change of predicted (2021–2050) total runoff (Qt), surface runoff (Qs), interflow (Qi), base flow (Qb), and actual evapotranspiration (ETa) compared to the reference period (1971–2000). RCP: representative concentration pathway; LU: land use. The vertical dashed lines show the beginning and end of the rainy season. (a): total runoff; (b): surface runoff; (c): interflow; (d): base flow; (e): actual evapotranspiration. (1): RCP 4.5-LU 2013; (2): RCP 8.5-LU 2013; (3): RCP 4.5-LU 2030; (4): RCP 8.5-LU 2030. 
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Table 1. RCM–GCM products and the research centers of their production.
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	RCM–GCM Label
	RCM
	Driving GCM
	RCM Center/Institute
	Country of RCM Center/Institute
	Acronym (Yira et al. [17])





	M1
	CCLM48
	CNRM-CM5
	CCLMcom
	Germany
	CCLM-CNRM



	M2
	CCLM48
	EC-EARTH
	CCLMcom
	Germany
	CCLM-EARTH



	M3
	CCLM48
	ESM-LR
	CCLMcom
	Germany
	CCLM-ESM



	M4
	HIRHAM5
	NorESM1-M
	DMI
	Denmark
	HIRHAM-NorESM



	M5
	RACMO22
	EC-EARTH
	KNMI
	Netherlands
	RACMO-EARTH







RCM: regional climate model; GCM: global climate model; CCLM: Climate Limited Modelling Community; DMI: Danish Meteorological Institute; KNMI: Royal Netherlands Meteorological Institute.
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Table 2. Model setup for the hydrological impact assessment of climate and land use.






Table 2. Model setup for the hydrological impact assessment of climate and land use.





	

	
Reference

	
Prediction




	
Scenario

	
LULC

	
Historical

RCM–GCM

	
LULC

	
RCM–GCM

(RCP 4.5 and 8.5)






	
1

	
2013

	
1971–2000

	
2013

	
2021–2050




	
2

	
2013

	
1971–2000

	
2030

	
2021–2050








LULC: land use and land cover; RCM: regional climate model, GCM: global climate model; RCP: representative concentration pathway.
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Table 3. Mean annual water balance and the model performance.






Table 3. Mean annual water balance and the model performance.











	
	Calibration

(2014–2015)
	Validation

(2016)
	Annual Mean

(2014–2016)





	P (mm)
	1067
	1001
	1045



	ETa (mm)
	982
	954
	973



	Qt (mm)
	96
	113
	102



	Qs (mm)
	39
	46
	41



	Qi (mm)
	40
	43
	41



	Qb (mm)
	18
	23
	19



	Delta S (mm)
	−11
	−66
	−30



	R²
	0.59
	0.71
	-



	NSE
	0.57
	0.48
	-



	KGE
	0.66
	0.73
	-



	Pbias (%)
	−23.70
	21.20
	-







P: precipitation; ETa: total actual evapotranspiration; Qt: total runoff; Qs: surface runoff; Qi: interflow; Qb: base flow; Delta S: change in storage; R²: coefficient of determination; NSE: Nash–Sutcliffe Efficiency; KGE: Kling–Gupta Efficiency.
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Table 4. Mean annual water balance for each land use land cover for the period of 2014–2016.






Table 4. Mean annual water balance for each land use land cover for the period of 2014–2016.





	

	
Land Use and Land Cover




	

	
LU-1990

	
LU-2000

	
LU-2007

	
LU-2013

	
LU-2019

	
LU-2025

	
LU-2030






	
P (mm)

	
1045

	
1045

	
1045

	
1045

	
1045

	
1045

	
1045




	
ETa (mm)

	
1039

	
1011

	
1014

	
973

	
950

	
934

	
924




	
Qt (mm)

	
44

	
69

	
71

	
102

	
119

	
133

	
140




	
Qs (mm)

	
16

	
28

	
27

	
41

	
51

	
58

	
62




	
Qi (mm)

	
24

	
27

	
29

	
41

	
43

	
45

	
45




	
Qb (mm)

	
4

	
14

	
14

	
19

	
25

	
30

	
33








LU: land use and land cover; P: precipitation; ETa: total actual evapotranspiration; Qt: total runoff; Qs: surface runoff; Qi: interflow; Qb: base flow; Cr: simulated total runoff coefficient.
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