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Abstract

:

This study analyzes the impact of climate change on several characteristics of rainfall in the Mekrou catchment for the twenty-first century. To this end, a multi-model ensemble based on regional climate model experiments considering two Representative Concentration Pathways (RCP4.5 and RCP8.5) is used. The results indicate a wider range of precipitation uncertainty (roughly between −10% and 10%), a decrease in the number of wet days (about 10%), an increase (about 10%) of the total intensity of precipitation for very wet days, and changes in the length of the dry spell period, as well as the onset and end of the rainy season. The maximum rainfall amounts of consecutive 24 h, 48 h and 72 h will experience increases of about 50% of the reference period. This change in rate compared to the reference period may cause an exacerbation of extreme events (droughts and floods) in the Mekrou basin, especially at the end of the century and under the RCP8.5 scenario. To cope with the challenges posed by the projected climate change for the Mekrou watershed, strong governmental policies are needed to help design response options.
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1. Introduction


These last decades, climate change and variability issues have been the main focus of scientists and policy makers around the world. Projected temperatures and precipitation under different scenarios show that climate change will have different impacts in different regions of the globe, with spatio-temporal changes in the occurrence and amounts of rainfall, but usually with an increase in temperature [1,2,3,4,5,6] in unequal proportions since the Paleolithic period [7,8]. The increase in temperature will affect rainfall and its variability, in particular, droughts and floods [9,10]. The impacts of climate change will vary across regions and populations, through space and time, depending on multiple factors, including non-climate stressors and the extent of mitigation and adaptation [11]. According to [12], Africa is one of the most vulnerable continents to climate disturbances due to the diversity of effects of multiple stress and the low adaptive capacity. Recent work in the West African region [13,14], under Representative Concentration Pathway (RCP4.5 and RCP8.5) scenarios of climate change projections indicate that continued warming (1–6.5 °C increase in temperature), and great uncertainty in rainfall (between −10% and 10%) will be observed in the Sahel until 2100. According to these authors, the remaining part of West Africa will also experience a more intense extreme climate in the future, but to a lesser extent. It is also reported by previous studies that the rainy and agricultural seasons will become shorter [15,16] while the torrid, arid and semi-arid climate will extend to Sahel [17,18]. Such conditions can have important constraints on agricultural activities, water resource management, etc.



Given the alarming regional predictions, it is important to know the precipitation forecasts at local scales in order to propose adaptation and mitigation measures falling within the regional context but with local specificities. It is in this vein that this paper was initiated and aims at studying trends in annual precipitation parameters (annual precipitation amounts, maximum amounts of rainfall in 24, 48 and 72 consecutive hours, the beginning and end dates of the rainy season, the length of the rainy season, the number of wet days in the year, the length of the dry spell period and total intensity of rainfall for very wet days) in the Mekrou basin over the period 1981–2100.




2. Study Area, Data and Method


Our study area is the Mekrou watershed in Kompongou. Covering an area of 5670 km2, it is located in the North of Benin between 1°30′ and 2°15′ East Longitude and 10°20′ and 11°30′ North Latitude. With an elongated shape, it covers three main cities, i.e., Kérou, Kouandé and Péhunco. This watershed belongs to the Benin side of the Niger Basin. The highest point of watershed is Kampuya (639 m) around Kouandé, while the lowest point (266 m) is located around Kérou and is precisely in the bed of the Mekrou River [19]. The average slope of the stream bed is approximately 2.47%. The soil and the vegetation types encountered in the basin are ferruginous soils on crystalline bedrock, histosols, swamps and fertile gallery forests [20,21]. The rainfall amounts between 1981 and 2014 show that the months of July, August and September are the wettest (Figure 1). The discharge of the Mekrou River at Kompongou varies from 250 m3·s−1 in September to 0 m3·s−1 from December to April. The annual mean of flow is about 21 m3·s−1. High flows occur mostly during August to October.



The data used in this study are of two types: observed data and simulated data from Regional Climate Models (RCMs). The two types of data are daily rainfall data. The first were obtained from the National Directorate of Meteorology of Benin. Across the whole watershed, 02 rain gauges are available: these are the Kouandé and Kérou gauges. In addition to these 02 gauges, 12 rain gauges distributed around the basin are also available (Figure 2), resulting in a total of 14 rainfall stations. Over the period 1981–2010, all precipitation stations were functional.



The simulated data are future (RCP4.5 and RCP8.5 scenarios) rainfall projection data of three regional models (SMHI-RCA4, MPI-REMO, DMI-HIRHAM5) obtained from the CORDEX Africa project. Their characteristics are shown in Table 1. The future projections, i.e., the RCP4.5 and RCP8.5 scenarios, are considered over the period from 2011 to 2100. The data bias was corrected using the Empirical Quantile Mapping Method [22].



The precipitation data from the three RCMs are used as an ensemble that represents the average of the three models. [22] corrected the bias of the precipitation simulated by each of these models and their ensemble with several bias correction methods and concluded that the ensemble of the 3 RCMs better simulated the rainfall than each RCM over the historical period for the same study area. Moreover, according to [11], in Oust Africa, climate models do not converge for the prediction of precipitation. For this, it is better to use a set of climate models in order to reduce the uncertainties of predictions.



The rates of change were calculated by considering four (04) different periods. The first period is the reference period (1981–2010). The three other periods are the projected periods (2011–2040, 2041–2070 and 2071–2100). For each parameter of precipitation and the rainfall stations, the rate of change was calculated using Equation (1).


    C h a n g e   r a t e =     X ¯  p  −   X ¯  r      X ¯  r    × 100  ,   



(1)




where      X ¯  p     is the mean of a parameter over the considered projected period, and      X ¯  r     is the mean of the same parameter over the reference period.



The interpolation was performed using the Kriging method. The first step is to construct a spatial structure of each change rate using a semivariogram. The spherical model     γ mod  ( h )    (Equation (2)), where h is the distance between two rain gauges, was adopted to adjust the sample semivariogram. A regular grid point was adopted, and ordinary Kriging, which assumes an unknown mean as well as a second-order stationary process, was implemented.


    γ mod  ( h ) = S  [  3 h / 2 a − 0.5   ( h / a )  3   ]  ,   



(2)




where S is the sill and a is the range of the semivariogram.




3. Results


3.1. Mean Values of Study Parameters for Reference Period (1981–2010) in the Mekrou Basin at Kompongou


The 1970s were characterized by a severe drought in West Africa [26,27,28,29,30,31,32,33]. Over the whole of West Africa, rainfall decreased by 180 mm compared to the previous period [30]. The following decades were characterized by a recovery of rainfall amounts. According to [15], in the last two decades, not only the total annual precipitation increased, but rainy days occurred more frequently, which led to the partial recovery of precipitation amounts. An increasing trend of annual precipitation was thus observed [13,34,35,36]. This recovery of precipitation amounts was mainly due to the direct influence of higher levels of anthropogenic greenhouse gases in the atmosphere, as well as changes in the emissions of anthropogenic aerosol precursors [37,38,39,40]. Above all, natural variability could also play a significant role in this recovery [41].



In order to quantify future changes, some characteristic parameters of rainfall in the Mekrou basin at the outlet of Kompongou were evaluated for the period from 1981 to 2010 and are considered as reference data for evaluating future rainfall trends. The parameters studied were: the annual rainfall amounts, maximum amounts of rainfall in consecutive 24, 48 and 72 h that can be used as extreme event indicators, the dates of the beginning and end of the rainy season (determined by the method of “anomalous accumulation” proposed by [42], the length of the rainy season, the number of wet days in the year, the length of the dry spell period (maximum number of consecutive days without precipitation or precipitation less than 1 mm) that characterizes the occurrence of droughts [43] and total precipitation intensity of very wet days in a year (wet days are considered as the days with precipitation amounts greater than or equal to 1 mm, and very wet days are days with precipitation amounts above the 95th percentile), which measures the occurrence of floods [44].



Despite the low density of rain gauges in the study area, errors related to the interpolation of the different parameters are relatively low and vary between 0 and 0.1 (Figure 3k). These low values of the variance show that the number of rain gauges used are sufficient.



The mean annual precipitation amounts over the reference period varies from 900 to 1200 mm in the basin (Figure 3a). The spatial distribution of annual rainfall amounts shows a reverse direction of change with respect to latitude. There are 3 major areas of precipitation. An area of heavy rainfall (average rainfall of 1100–1200 mm per year) between 10° N and 10.5° N, a medium rainfall zone in the basin (1000–1100 mm) between 10.5° N and 11° N, and an area of low annual rainfall amounts (below 1000 mm) between 11° N and 11.5° N. Numbers of wet days in the basin have a spatial distribution almost identical to that of the rainfall amounts. Indeed, in general, the average number of wet days in the basin ranges from 55 to 75 days per year (Figure 3b). Note the existence of three areas with identical variations to those of rainfall amounts. The length of the dry spell period ranges from 140 to 170 days. The length of the drought period also has a spatial distribution that shows the existence of three zones of different drought periods identical to those previously identified (Figure 3c). Here, however, the numbers of consecutive days without rain move in the same direction as the latitude. The mean of the onset dates of the rainy season vary between the 125th day in the year (4 May) and the 141st day (20 May) (Figure 3d). The spatial distribution of the onset of the rainy season also shows an evolution depending on the latitude. The more the latitude increases, the more the rainy seasons are slow to start. By contrast, the ends of the rainy season vary little in the basin (274th to 281st) (Figure 3e) and correspond generally to the first week of October. Regarding the lengths of the rainy seasons, they vary between 135 and 155 (Figure 3f). They decrease with increasing latitude. Therefore, the seasons are longer in the South Basin than in the North. The maximum precipitation amounts in consecutive 24 h, 48 h and 72 h decrease as the latitude increases; they vary between 64 and 80 mm, 75 mm and 95 mm and 85 and 110 mm, respectively. The percentages of total precipitation amounts of very wet days compared to total precipitation vary from 57%–64% in the basin. These rates increase with latitude, indicating that the northern basin is more exposed to extreme events such as floods.




3.2. Future Changes in Precipitation Characteristics


3.2.1. Annual Precipitation Amounts


Changes in future annual rainfall amounts compared to the reference period are either positive or negative depending on the periods and the scenarios of the greenhouse gas emissions considered. In all cases, these changes are within the range predicted, which is between −30% and 30% of the reference period for West Africa [44], indicating that the projected rainfalls are very uncertain in the region. Changes in the Mekrou basin over the period from 2011 to 2040 show a decrease of 0%–5% of the precipitation amounts compared to the reference period for the RCP4.5 scenario (Figure 4a) and a decrease of 5%–12% for the RCP8.5 scenario (Figure 4e).



The period 2041–2070 is characterized by a net decrease in precipitation amount (3%–6%) inside the basin for the RCP4.5 scenario (Figure 4b) and a variation between −4% and 5% for the RCP8.5 scenario (Figure 4f). For both scenarios considered, future projections show an increase in precipitation amounts over the period 2071–2100. These increases vary from 0 to 6% for the RCP4.5 scenario (Figure 4c) and from 4%–12% for the RCP8.5 scenario. The general mean (2011–2100) indicates a decrease in precipitation amounts of 0-4% for the RCP4.5 scenario (Figure 4d) versus a variation of −4% to 4% for the RCP8.5 scenario (Figure 4h). These results are consistent with those of [13], who predicted rates of change of −10% to 10% for future rainfall in West Africa and those of [15], who stated that precipitation projections are uncertain in West Africa. The spatial variation of projected rainfall indicates a deficit of rainfall in the northern half of the basin regardless of the scenario and the period considered (2071–2100), with a growth rate of about 4%.




3.2.2. Number of Wet Days


The average number of wet days according to the RCP4.5 scenario will decrease by about 0%–3% in the South of the basin versus a slight increase of about 0%–1% toward the outlet of the basin for the period 2011–2040 (Figure 5a). However, for the periods of 2041 to 2070 (Figure 5b) and 2071 to 2100 (Figure 5c), the average number of wet days will decrease throughout the basin, by between 4%–11%. This indicates a downward trend of wet days in the basin over the period 2011–2100 with an average decrease between 2%–7% (Figure 5d). According to the RCP8.5 scenario, there will be a downward trend in the number of wet days in the watershed regardless of the considered period. Moreover, this decrease would be greater than the one projected by the RCP4.5 scenario. In fact, over the period from 2011 to 2040, the decrease ranges from 5% to 10% (Figure 5e). The same range of variation is observed over the period from 2041 to 2070 (Figure 5f). The decrease of number of wet days will be more pronounced over the period from 2071 to 2100 with a decrease between 6% to 13% (Figure 5g) compared to the reference period (1981–2010). Over the period from 2011 to 2100, there will be a decrease of 4%–10% (Figure 5h) with respect to the period 1981-2010. We noted that regardless of the period considered and the scenario, the decrease was greater in the northern part of the basin than in the southern part. These results confirm those of [15], with decreases of 7%, 3.1% and 2.1% for rainy days using the CCLM, RCA and REMO models, respectively, over the period from 2021–2050 in Burkina-Faso.




3.2.3. Onset of the Rainy Seasons


The onset dates of the rainy seasons will also experience changes in the basin. Depending on the scenario and the period considered, the future evolution compared to the period of 1981 to 2010 can be positive, negative or both. Over the period from 2011 to 2040, the scenarios RCP4.5 and RCP8.5 (Figure 6a,e) yield a decrease of 0%–5% of the onset of the rainy seasons (rainy season will start one week early) while over the period 2041–2070, the variation compared to the reference period ranges from −8% to 0% for the RCP4.5 scenario (Figure 6b) and −6% to 5% for the RCP8.5 scenario (Figure 6f). Over the period 2071–2100, the RCP4.5 scenario yields an increase of 0%–10% for the onset dates of the rainy season compared to the reference period (Figure 6c), while the scenario RCP8.5 yields a variation of −5% to 10% for the dates of the onset of the rainy seasons compared to the period of reference (Figure 6g). For the period 2011 to 2100, both scenarios project changes varying from −5% to 5% (an uncertainty of one week) for the onset dates of the rainy season compared to the reference period (Figure 6d,h). These results indicate that no trend has emerged with respect to the evolution of the onset of rainy seasons but depending on the period, the scenario and the portion of the basin considered, the rainy seasons will begin one week earlier or two weeks later. Similar results were obtained by [15] using 5 different RCMs.




3.2.4. End of the Rainy Seasons


The end dates of the rainy seasons will be earlier compared to reference period, regardless of the scenario and the future period considered. However, these decreases are not important and are 1%–2.2% for the period from 2011 to 2040 under both the RCP4.5 and RCP8.5 scenarios (Figure 7a,e). Over the period 2041–2070, the rates of decrease are in the order of 0.4%–1% for the RCP4.5 scenario (Figure 7b) and 1.5%–2.5% for the RCP8.5 scenario (Figure 7f). Over the period 2071%–2100, the RCP4.5 scenario projects a declining rate that ranges between 0% and 2% (Figure 7c) versus the rate of decrease of 0.5%–3% for the RCP8.5 scenario compared to the values of the reference period (Figure 7g). Over the period from 2011 to 2100, the RCP4.5 scenario predicts earlier end datesof the rainy season, which range from 0.6%–1.6% (Figure 7d), whereas for the RCP8.5 scenario, these decreases are between 1% and 2.7% (Figure 7h) with respect to the reference period values. These results indicate that the season will end earlier and will probably decrease the length of the rainy seasons. These results are in contrast to those of [15], who predicted an later end date of the rainy season for five models used in Burkina-Faso.




3.2.5. Length of the Rainy Seasons


The length of the rainy seasons will experience changes in the future. These changes will vary from one period to another, and their changes compared to the reference period appear to be related to the greenhouse gas emission scenarios (Figure 8). Over the period from 2011 to 2040, both the RCP4.5 and RCP8.5 scenarios predict changes that are both negative and positive in the lengths of the rainy seasons compared to the reference period (Figure 8a,e). These changes are almost identical for both scenarios and generally range from −5% to 3%. Over the period 2041–2070, the RCP4.5 scenario projects an increase of 0%–6% in the lengths of the rainy seasons (Figure 8b) compared to the reference period, while the RCP8.5 scenario projects a decrease in the length of the rainy seasons (between 0%–8%; Figure 8f). Large decreases in the length of the rainy seasons will be observed in the period from 2071 to 2100. These decreases vary from 2% to 10% for the RCP4.5 scenario (Figure 8c). They are more pronounced for the RCP8.5 scenario and are between 3% and 15% (Figure 8g) with respect to the reference period values. Generally, the RCP4.5 scenario shows variations ranging from −6% to 3% (Figure 8d) for the length of the rainy seasons in the period from 2011 to 2100 compared to the reference period, while the scenario RCP8.5 indicates decreases of 0%–8% (Figure 8h). For the period 2011–2040, there is uncertainty in the trend of the change in the length of the rainy seasons in the basin; it is clear that for the following periods there will be a net decrease in the length of the rainy seasons, especially for RCP8.5 scenario.




3.2.6. Length of Dry Spells


Figure 9 shows that there will be an increase in the length of dry spells irrespective of the period and the scenario considered. In fact, both the RCP4.5 and RCP8.5 scenarios predict an increase of 0%–10% in the length of the dry spells in the period from 2011 to 2040 compared to the reference period (Figure 9a,e). In the period 2041–2070, there will be an accentuation of the increase in the length of the dry spells compared to the reference period. This increase ranges between 4% and 12% for the RCP4.5 scenario (Figure 9b) versus 4% to 15% for the RCP8.5 scenario (Figure 9f). In the period from 2070 to 2100, these increases range from 5% to 9% for the RCP4.5 scenario (Figure 9c) versus 0% to 10% for the RCP8.5 scenario (Figure 9g). These results are in line with those of other authors who also predict an increasing trend in the lengths of dry spells in the West Africa area [13,15].




3.2.7. Total Precipitation Intensity of Very Wet Days


The total precipitation intensity of very wet days will also experience changes in future years depending on the scenario considered. In general (period of 2011–2100), the RCP4.5 scenario projects increases of 3%–5% (Figure 10d) for the total precipitation intensity of very wet days compared to the reference period. These increases are more important under the RCP8.5 scenario and vary from 6%–9% for the same period (Figure 10h). However, when one considers the different sub-periods, we notice that over the period from 2011 to 2040 and for the RCP4.5 scenario, the rate of change in the total precipitation intensity of the very wet days is very low and ranges from –1% to 1% (Figure 10a). For the same period, the RCP8.5 scenario projects an increase of 2%–5% compared to the reference period (Figure 10e). In the next period (2041–2070), there will be an increase in the total precipitation intensity of very wet days compared to the previous period. These intensifications result in an increase of 5%–7% (Figure 10b) of total precipitation intensity of very wet days relative to the reference period for the RCP4.5 scenario and 7%–10% for the RCP8.5 scenario (Figure 10f). The intensity of total precipitation for very wet days in the period 2071–2100 will be the highest in the entire period from 1981–2100. In fact, the RCP4.5 scenario projects growth rates of 4%–9% (Figure 10C) compared to the reference period, while the RCP8.5 scenario projects rates of 8%–12%, which are the highest across periods and scenarios. The increase in the total precipitation intensity of very wet days confirms the trend of exacerbation of extreme events in West Africa announced by [8].



With the objective of assessing the occurrence and intensity of extreme events, changes in the maximum precipitation amounts in 24, 48 and 72 consecutive hours per year were studied.




3.2.8. Maximum Precipitation Amounts During 24 Consecutive Hours


In general, the two scenarios project an upward trend of daily maximum precipitation amounts. The average maximum daily precipitation amounts over the period of 2011–2100 show increases ranging from 5 to 15% compared to the reference period for the RCP4.5 scenario (Figure 11d) and 22%–30% for the RCP8.5 scenario (Figure 11h). Irrespective of the scenario considered, the maximum daily precipitation increases over time, i.e, 0%–7% for the period 2011–2040 (Figure 11a), 0%–15% for the period 2041–2070 (Figure 11b) and 10%–25% for the period 2071–2100 (Figure 11c) compared to the period 1981–2010 for RCP4.5 scenario. For the RCP8.5 scenario, the increase in maximum daily precipitation amount compared to the reference period is higher than that projected by the RCP4.5 scenario and is about 4%–11% for the period 2011–2040 (Figure 11e), 20%–35% for the period 2041–2070 (Figure 11f) and 35%–45% for the period 2071–2100 (Figure 11g). This indicates an intensification of extreme rainy events in the basin, which may increase the occurrence of floods.




3.2.9. Maximum Precipitation Amounts During 48 Consecutive Hours


The maximum precipitation amounts during 48 consecutive hours also showed an upward trend over the period 2011–2100 for both the RCP4.5 and RCP8.5 scenarios. The increase rates are 13%–31% for the RCP4.5 scenario compared to the values of the reference period (Figure 12d). For scenario RCP8.5, the increase rates vary from 34% to 41% (Figure 12h). For the periods 2011–2040 and 2041–2070, the change rate in the maximum precipitation amounts during 48 consecutive ours projected by the RCP4.5 scenario are identical and represent an increase of about 8%–25% (Figure 12a,b) compared to the reference period, but for the period 2071–2100, these rates reach 22%–42% (Figure 12c). With respect to the projections of the RCP8.5 scenario, the rates of increase of the maximum precipitation amounts during 48 h compared to the reference period are considerably higher than those projected by the RCP4.5 scenario. In fact, values of 12%–28% will be reached for the period 2011–2040 (Figure 12e); the projections of the maximum precipitation amounts during 48 consecutive hours reach increase rates of 30%–50% (for 2041–2070) (Figure 12f) and 50%–60% (for 2070–2100) (Figure 12g) relative to the reference period. It appears from these results that an increased frequency of flooding could occur in the basin.




3.2.10. Maximum Precipitation Amounts during 72 Consecutive Hours


Similar to the maximum precipitation amounts for 24 and 48 consecutive hours, projections of precipitation amounts during 72 consecutive hours also show an increasing trend over the period 2011–2100. This trend is characterized by an increase in maximum precipitation amounts for 72 consecutive hours of 5%–25% for the medium scenario of greenhouse gas emissions (Figure 13d) and of 22%–34% for the high scenario of greenhouse gas emissions (Figure 13h) compared to the reference period. Over the period 2011–2040, the two scenarios (RCP4.5 and RCP8.5) indicate an increase of about 3%–20% compared to the reference period (Figure 13a,e). The northern area of the basin is the most exposed to these changes, with rates reaching 20%. In the period 2041–2100, a large difference is observed between the projections of the two scenarios. The RCP4.5 scenario indicates changes of −5% to 20% over the period from 2041 to 2070 (Figure 13b) with a decrease trend in the southern part of the basin versus an increasing trend towards the North. For the same scenario, the projections of 2071–2100 indicate high increases (20%–41%) of maximum precipitation amounts of 72 consecutive hours compared to the reference period (Figure 13c). The northern area of the basin also has the highest rates of increase, reaching 40%. The RCP8.5 scenario projections show alarming increases for the maximum precipitation amounts during 72 consecutive h during the period from 2041 to 2100 throughout the watershed. These increases are in the range of 25%–35% over the period 2041–2070 (Figure 13f) and 38%–50% for the 2071–2100 period. These strong increase rates have certainly resulted in an increase in flooding frequency.






4. Discussion


The structure of future projections of rainy seasons based a set of 3 Regional Climate Models (MPI-REMO, DMI-HIRHAM5 and SMHI-RCA4) for RCP4.5 and RCP8.5 scenarios was studied in this paper through a set of ten (10) characteristics of precipitation. The impacts of climate change on the annual precipitation amounts in the basin are quite varied depending on the period and the scenario, similar to many studies in the West African region [13,14,15,45,46,47]. For the two (2) scenarios and the period 2011–2070, a decrease in annual rainfall amounts reaching 12% is projected versus an increase of around 10% for the 2071–2100 period. This indicates that in the coming decades, the basin could be exposed to a long dry period that can lead to declining agricultural production, food insecurity, famine, rural migration, etc.



The number of wet days and the rainy season length gradually decrease from 2011 to 2100. These simultaneous decreases in the two (02) parameters will certainly have great consequences for agriculture, which is essentially dependent on rainfall in the region. As for the occurrence and intensification of extreme events in the basin, the simultaneous increase trends related to total precipitation intensity of very wet days and maximum precipitation amounts for 24, 48 and 72 consecutive hours constitute evidence of a possible increase in the frequency and magnitude of floods in the future. Otherwise, the increase trend in the length of dry spells is also an index of exacerbation of drought in the basin. In short, the risk of exacerbation of extreme events exists in the future (drought, flood, food insecurity, rural migration, etc.). This would be the result of future anthropogenic emissions of greenhouse gases [16,48,49,50,51,52]. It has been established that the aggravation of extreme events intensifies local hydrological cycles [53,54,55]. As established for the West African region, the Mekrou basin will experience changes in climate that will impact agriculture, water resources, and ecosystems, which will affect the rural population, as well as those with urban lifestyles.




5. Conclusions


West Africa is already facing the consequences of climate change. In this paper, future trends of some precipitation characteristics of multi-RCMs under projections (2011–2100) of the RCP4.5 and RCP8.5 scenarios are examined in relation to the observations of the period 1981–2010 in the Mekrou basin at the Kompongou outlet. The results confirm the expected projections in the West African region with regards to annual rainfall amounts (ranging from −10% to 10%), the number of wet days (decrease of up to 10%), total precipitation intensity of very wet days (increase of around 10%), the length of the dry spells (increase up to 10%) and the dates of onset and ending of the rainy seasons. The maximum rainfall amounts during 24, 48 and 72 consecutive hours will experience increases of about 50% compared to the reference period. These rates of change may result in exacerbation of extreme events (droughts and floods) in the Mekrou basin.
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Figure 1. Seasonal variability of rainfall and discharge in the basin (A: Monthly rainfall amounts over 1981–2014; B: Monthly mean of discharge over 2006–2012). 
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Figure 2. Study area. 
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Figure 3. Mean values of rainfall characteristics over the period 1981–2010 (a: annual precipitation amounts (mm); b: number of wet days (day); c: dry spell length (day); d: onset of rainy seasons (Nth day of year); e: end of rainy seasons (Nth day of year); f: length of rainy seasons (day); g: maximum precipitation amounts during 24 consecutive hours (mm); h: maximum precipitation amounts during 48 consecutive hours (mm); i: maximum precipitation amounts during 72 consecutive hours (mm); j: total precipitation intensity of very wet days (%)) k: Kriging variance. 
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Figure 4. Changes in annual precipitation amounts (%) compared to the reference period: a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011–2100. 
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Figure 5. Changes in the number of wet days (%) compared to the reference period a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011–2100. 
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Figure 6. Changes in the onset of the rainy season (%) compared to the reference period a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011–2100. 
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Figure 7. Changes in the end of the rainy season (%) compared to the reference period a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011–2100. 






Figure 7. Changes in the end of the rainy season (%) compared to the reference period a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011–2100.



[image: Hydrology 04 00014 g007]







[image: Hydrology 04 00014 g008 550] 





Figure 8. Changes in the length of the rainy season (%) compared to the reference period: a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011–2100. 
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Figure 9. Changes in the lengths of the dry spells (%) compared to the reference period: a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011-2100. 
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Figure 10. Changes in the total precipitation intensity of very wet days (%) compared to the reference period: a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011–2100. 
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Figure 11. Changes in the maximum precipitation amounts during 24 consecutive hours (%) compared to the reference period: a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071-2100; h: RCP8.5-2011–2100. 
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Figure 12. Changes in the maximum precipitation amounts during 48 consecutive hours (%) compared to the reference period: a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011–2100. 
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Figure 13. Changes in the maximum precipitation amounts during 72 consecutive hours (%) compared to the reference period: a: RCP4.5-2011–2040; b: RCP4.5-2041–2070; c: RCP4.5-2071–2100; d: RCP4.5-2011–2100; e: RCP8.5-2011–2040; f: RCP8.5-2041–2070; g: RCP8.5-2071–2100; h: RCP8.5-2011–2100. 
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Table 1. Main characteristics of the RCMs.
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Model (RCM)

	
Institution

	
Driving GCM

	
Horizontal Resolution

	
No. of Vertical Levels

	
Simulation Period

	
Reference






	
HIRHAM5

	
DMI

	
GFDL-ESM2M

	
50 km

	
31

	
1951–2100

	
[23]




	
REMO

	
CSC

	
MPI-ESM-LR

	
50 km

	
27

	
1951–2100

	
[24]




	
RCA4

	
SMHI

	
EC-EARTH

	
50 km

	
40

	
1951–2100

	
[25]
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