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Abstract

:

Precise agricultural predictions of climate change effects on crop water productivity are essential to ensure food security and alleviate water scarcity. In this regard, the present study provides an overview of the future impacts of climate change on the irrigation of agricultural products such as rice, millet, maize, cassava, sorghum, and sugar cane. These crops are some of the most-consumed foodstuffs in countries of the Niger River basin. This study is realized throughout 2020 to 2080, and three Global Climate Models (GCMs) (CSIRO, MIROC5, and ECHAM. MPI-ESM-LR) have been used. The GCMs data have been provided by the IPCC5 database. The irrigation water requirement for each crop was calculated using Smith’s CROPWAT approach. The Penman–Monteith equation recommended by the FAO was used to calculate the potential evapotranspiration. The inter-annual results of the IWR, according to the set of models selected, illustrate that the largest quantities of water used for irrigation are generally observed between January and March, and the lowest quantities are the most often seen between July and September. The majority of models also illustrate a peak in the IWR between March and April. Sorghum and millet are the crops consuming the least amount of water for irrigation; followed by cassava, then rice and corn, and finally sugar cane. The most significant IWRs, which have been predicted, will be between 16.3 mm/day (MIROC5 model, RCP 4.5) and 45.9 mm/day (CSIRO model, RCP 4.5), particularly in Mali, Niger, Algeria, and rarely in Burkina-Faso (CSIRO model, RCP4.5 and 8.5). The lowest IWRs predicted by the models will be from 1.29 mm/day (MIROC5 model, RCP 4.5) to 33.4 mm/day (CSIRO model, RCP 4.5); they will be observed according to the models in Guinea, southern Mali, Ivory Coast, center and southern Nigeria, and Cameroon. However, models predict sugarcane to be the plant with the highest IWR, between 0.25 mm/day (Benin in 2020–2040) and 25.66 mm/day (Chad in 2060–2080). According to the models’ predictions, millet is the crop with the most IWR, between 0.20 mm/day (Benin from 2020 to 2060) and 19.37 mm/day (Chad in 2060–2080). With the results of this study, the countries belonging to the Niger River basin can put in place robust policies in the water resources and agriculture sectors, thus ensuring food security and high-quality production of staple crops, and avoiding water scarcity while facing the negative impacts of climate change.
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1. Introduction


Climate change causes wide-reaching concerns and is described by fluctuating patterns in rainfall, rising temperatures, and extreme climate events [1,2]. The consequences of climate change—such as increases in the global average temperature as well as modifications of the rainy seasons—on ecosystems, biodiversity, and human systems throughout the world, are undoubtedly verifiable [3]. Globally, the agricultural sector faces critical food security issues and is threatened by the scarcity of freshwater, both on the surface and underground, due to the recurring problem of climate change, which includes changes in agro-ecological conditions [4]. Therefore, agricultural production systems are directly and indirectly affected by climate change in various ways, i.e., by influencing growth and income distribution as well as by bringing about variations in crop yields [5]. Thus, to ensure food security and cope with the scarcity of freshwater, it is essential to increase water productivity under varying climatic conditions, especially in the coming decades. Therefore, the emphasis on the responses of crops to climatic variations is of growing interest.



Agro-ecological changes are extremely linked to recent changes in climate, drought, and rapid urbanization [6]. The continent of Africa has been singled out as the continent most affected by the effects of climate change [7]. Rice, millet, maize, cassava, sorghum, and sugar cane are among the most-consumed foodstuffs in the countries of the Niger River basin. In terms of river flow, the Niger River is ranked 27th among the world’s largest rivers. The Niger River has an annual discharge between 193 km3/yr in Gaya (Niger) [8] and 183 km3/yr at the confluence of the Niger and Benue rivers [9]. Therefore, it is classified in the category of very large rivers. Irrigation remains poorly developed; only 15% of the cultivated area is rainfed [9]. However, with regard to recent changes in climate and restrictions of freshwater resources, irrigated agricultural production systems are needed to ensure continuous agricultural production while improving the efficiency of crop water use. Therefore, an understanding of the water use and productivity responses of each crop and its links to the varying agro-environment is required to recognize the proper water requests for crop production under increasingly limited freshwater resources; thus, simulation of the irrigation water requirements of cereal crops is important to reach this objective.



Many studies have been conducted to enhance the understanding of the impacts of climate change on plant health and the water use efficiency of crops [7,10,11,12,13,14,15,16]. However, the impact of climate change on the yield and irrigation water requirements of crops cultivated under varied agro-ecological conditions is not well understood. Therefore, to sustain cereal food production under a changing climate, the future irrigation water requirements should be evaluated and predicted. Thus, researchers have paid much attention to crop simulation instead of to field trials, as field experimentation is time-consuming and expensive. Global climate models are currently the only tools that take into account the complex set of processes that will determine future global and regional climate change [17]. Based on different climate models, several studies have been carried out to assess and predict the effects of climate change on agriculture. One of the research topics present in these studies is the problem of climate change affecting irrigation [18,19,20,21]. Irrigation is one of the agricultural sectors that consumes the most water for production; therefore, irrigation will be most influenced by the effects of climate change [22,23,24,25,26,27,28,29,30,31]. Different simulation models have been generated for climate change [32,33,34]. Most climate simulation models demonstrate global average temperature increases between 1.4 and 5.88 °C by the end of this century, causing, among other things, an expected increase in sea levels [35]. Studies of the impact of climate change on the economy have also been conducted [36,37,38,39,40]. Developing countries are expected to be impacted by most effects caused by the climate crisis, while the richest countries are likely to be less affected by the impacts of these changes [41,42,43].



Based on different simulative mathematical models, several studies have been carried out to assess and predict the effects of climate change on farming, particularly the effects of climate change on irrigated production [44,45,46]. Irrigation in the agricultural sector is considered the largest consumer of freshwater for irrigated crop production. Therefore, irrigation will be the sector influenced the most by the effects of climate change. Using simulation models, the water consumption of various crops can be simulated, and thus, the water productivity of crops can be estimated. Estimating reference evapotranspiration becomes essential. Indeed, an adequate estimate of the reference evapotranspiration (Epot) is of primary importance in hydrological studies and in agricultural, watershed, and water resource management studies. Particularly, it is compulsory to run simulation models on climate change and to estimate the irrigation water requirements of crops, thereby supporting drought management and irrigation planning. The redefined Epot estimation methodologies of the Food and Agriculture Organization of the United Nations (FAO) have been efficaciously applied for different periods in many countries around the world [47,48]. Among the multitude equations proposed for the estimation of Epot, we cite that of Penman-Monteith (PM-Epot) [49,50,51]. This equation requires data on solar radiation or duration of sunshine, maximum and minimum temperatures, relative humidity, and wind speed.



It is expected that developing countries will be the countries most affected by the extent of climate change. Indeed, a large number of countries in Africa continue to face enormous challenges as they strive to meet the United Nations water-related Millennium Development Goals [52]. Additionally, water’s fundamental role in achieving food security and in achieving the region’s development goals is widely recognized. Furthermore, the scarcity of and demand for water and food security are closely linked to drought stress and climate change. As the balance between the demand and the availability of water has reached dangerous levels in many countries of the world, and increased water needs and food production are likely in the future, a sustainable approach to the control of water resources in agriculture is essential [53,54,55,56]. Nevertheless, there is an increased demand for water in West Africa. Therefore, water management difficulties and the future climate conditions under global climate change impacts are crucial issues associated with agricultural production in the Niger River basin [57].



Several studies have recently been performed on crop irrigation water requirements in the context of climate change in Africa [58,59,60,61,62]. Furthermore, in climate change scenarios, the availability of water resources decreases, and water shortages continue to challenge agricultural sustainability as well as other sectors sensitive to water scarcity. However, to date, no studies have been conducted simulating the effects of climate change on the irrigation water requirements of agricultural products; these products are most popular in countries of the Niger River basin and were analyzed in this study under different GCMs using the Smith’s CROPWAT approach to calculate crop irrigation water requirements. The Penman–Monteith equation recommended by the FAO was used to calculate the potential evapotranspiration. The results of this study may help decision-makers in the countries of the Niger River basin plan future agricultural and irrigation strategies when facing the increasing problems of climate change. Therefore, the main objective of the current study was to provide an overview of the future impacts of climate change on the irrigation of agricultural products, such as rice, millet, maize, cassava, sorghum, and sugar cane, which are the foodstuffs most-consumed in countries of the Niger River basin. The study was conducted based on the intergovernmental panel on climate change (IPCC5) data through models such as CSIRO, ECHAM, and MIROC5. Additionally, two scenarios, specifically RCP 4.5 and RCP 8.5, were chosen for each model.




2. Materials and Methods


2.1. The Study Area


The study area is the Niger River basin, which is located in the west of the African continent (Figure 1). The basin covers an area of 2,262,000 km2 between 5° N and 24° N latitude and 12° W and 17° E longitude; it is the fourth-largest basin in Africa after the Congo River Basin, the Nile River Basin, and the Lake Chad Basin. The Niger River basin is distributed over ten West African countries: Algeria, Benin, Burkina Faso, Cameroon, Ivory Coast, Guinea, Mali, Niger, Nigeria, and Chad. The northern part of the basin extends across the Sahara Desert in Algeria, and the hydrological networks in this desert area are inactive and completely depleted [9]. More than one hundred million people live near the river and are dependent on activities such as agriculture and extensive livestock farming. The Niger River is 4200 km long and is the third longest river in Africa after the Nile and the Congo. The Niger River rises in the mountains of Guinea at an altitude of approximately 800 m and passes through areas with diverse climatic characteristics [57]. However, much of the river water in the delta is lost due to evaporation and infiltration. The rainfall in the Niger River basin depends severely on the monsoon coming from the Atlantic. The monsoon extends from May to November. The Niger River basin extends over two climatic zones. The northern part of the basin is dominated by a semi-arid to arid climate; the south has a humid climate. The northern part of the basin is a desert zone, it has a rainfall of less than 400 mm; the south has an annual rainfall of more than 4000 mm per year [63]. The temperature in the sub-equatorial zone (south of the basin) is around 24 °C; it is between 38 and 40 °C in the north of the basin (desert zone of the Sahara). The distribution of plants in the basin are heterogeneous [9]. However, according to FAO data, agricultural products vary from country to country. However, depending on the climatic zones, the cereals tend to be cultivated in the north of the basin, while in the south, it is instead the tubers that are cultivated the most. Moreover the agricultural seasons are very variable according to the countries.




2.2. Data Source


The IPCC 5 database (http://www.ipcc-data.org/sim/gcm_global/index.html, accessed on 20 December 2019) provided us with data on climatic conditions. The precipitation and temperature data were used. Sixty (60) years were chosen for the temporary aspect, from 2020 to 2080. The highest and the lowest irrigation water requirements was selected to observe the inter-annual variation of each GCM. Three GCMs (CSIRO, MIROC5, and ECHAM. MPI-ESM-LR) were used as future climate change scenarios. Moreover, two representative concentration pathways (RCP 4.5 and RCP 8.5) were chosen for each model. In our agro-climatological approach, six crops were selected, and it was assumed that these crops were planted under optimal conditions for their growth. These plants are among the most commonly used plants in the diets of populations in the basin. Any changes in the flooded areas’ location and dimension due to adaptation to climate change or any other cause have been overlooked. Increasing the concentration of CO2 in the atmosphere improves photosynthesis in plants and reduces water consumption of crops. Delphine Deryng et al. [64] demonstrated the beneficial role of the effect of increasing CO2 concentration on agricultural production and water consumption. Hence, due to insufficient quantitative knowledge of the increase in CO2 and its direct effects on crops, its effects have also been ignored.




2.3. The Net Irrigation Water Requirement Model


The net irrigation water requirement was calculated using Smith’s CROPWAT approach [65]. The principle of this model is the variance between the effective precipitation and the crop-specific potential evapotranspiration, calculated as:


IWR = Kc·ETo − Peff  if  Kc·ETo > Pef; otherwise IRnet = 0



(1)




where IWR is the net irrigation water requirement, used instead of the net irrigation water requirement per unit area [mm/d]; Peff is the effective precipitation [mm/d]; ETo is the reference evapotranspiration [mm/d]; and Kc is the crop coefficient. The need for irrigation may be underestimated or overestimated, because it is not linear with respect to rainfall and potential evapotranspiration. On a global average, the underestimation is only 2.4%, but it can be significant in areas with low net irrigation needs [66].



The crop type and the day of the growing period determine the crop coefficient (Kc). However, in this study, the mid-season stage (Kc mid) is used. The mid-season stage is the stage in which a crop needs the most water for its optimal development. The selection of the Kc mid will allow the evaluation of the IWR with a large margin. The Peff is the fraction of total precipitation (P) that is directly accessible to crops and does not leave the area as runoff. Several factors influence the variation of the Peff. The characteristics of precipitation, soil properties, crop evapotranspiration rates and irrigation management are the main factors. However, the soil characteristics are the parameters whose data are not taken into account in the Peff calculations. Absorption and retention properties, and the release and movement of water greatly influence efficiency of precipitation. The Peff is very difficult to determine; however, the soil conservation method of the United States Department of Agriculture (USDA) is used to select the Peff through the following formulas:


   P  e f f   =   P  (  4.17 − 0.2 P  )    4.17     f o r   P < 8.2  



(2)






   P  e f f   = 4.17 + 0.1 P     f o r   P ≥ 8.2  



(3)







In this study, the modified Penman–Monteith method was used. This method is recommended by FAO, and is widely recognized as being efficient and effective for estimating evapotranspiration [67].


  E T o =   0.408 ∆  (   R n  −   G  )  + γ  (    900   T + 273    )   u 2   (   e s  −  e a   )    ∆ + γ  (  1 + 0.34  u 2   )     



(4)




where ∆ (kPa/°C) is the slope vapor pressure curve;     R n    (MJ/m2·d) is the net radiation; G (MJ/m2·d) is the soil heat flux and generally can be ignored at daily time-steps; γ (kPa/°C) is the psychrometric constant;    u 2    (m/s) is the daily mean wind speed at 2 m height;    e s    (kPa) is the saturation vapor pressure; and ea (kPa) is the daily mean actual vapor pressure.




2.4. Climate Input


For each model, the temperature and precipitation data are converted into the units of the different formulas after calculation of all the parameters according to the previous equations with the climate data operation (CDO) in Ubuntu. Ubuntu is an open-source operating system in the Linux system. Each climate data point is remapped before being used in the CDO, this process allows putting all the data in the same resolution. Each model’s results are input to ArcGIS, in which the statistical distribution of the IWR of each crop is determined in each country of the Niger basin.





3. Results


In this long-term IWR study, the different climatic models used show different amounts of IWRs. These quantities represent the total average amount of water that each country should use each year for each crop’s optimal development.



3.1. Irrigation Water Requirement according to CSIRO


3.1.1. RCP 4.5


Figure 2 shows the distribution of the total IWR over the entire Niger basin. We note that Mali, Niger, and Burkina-Faso have a total IWR of about 45 mm/day. Nigeria, Guinea, Ivory Coast, Cameroon, and Chad have a total IWR of less than 30 mm/day.



Figure 3A shows the annual change in the IWR from 2020 to 2080. The year 2027 is projected to be the year with the smallest annual amount of IWR for all crops. The model results for 2079, projected that 2079 will be the year with the highest amount of IWR. The inter-annual results of the two years are presented in Figure 3B,C. We observe in Figure 3B that the months from January to March are the months with the highest amount of IWR. However, low quantities are observed from May to October, then an increase is observed in December. Figure 3C shows an increase between January and March with a peak in March, and then we will see a decrease in June, then an increase from July to December.



The inter-annual results of the two years are presented in Figure 3B,C. We observe in Figure 3B that the months from January to March are the months with the highest amount of IWR. However, low quantities are observed from May to October, then an increase is observed in December. Figure 3C shows an increase between January and March with a peak in March, and then we will see a decrease in June, then an increase from July to December.




3.1.2. RCP 8.5


For the RCP 8.5, the yearly IWR (Figure 4.) shows a lower IWR than the RCP 4.5. However, only three countries (Guinea, Nigeria, and Cameroon) have low IWR. The other countries (Mali, Niger, Burkina-Faso, Benin, and north of Nigeria) have an IWR of more than 23 mm/day. Mali has the highest total IWR.



According to RCP 8.5 the IWR will increase from 2020 to 2080. The Figure 5A shows the evolution of the IWR during the next sixty years. However, two specific years can be observed. The result shows that the year 2029 represents the year with the lowest IWR, and the year 2080 with the highest IWR. Figure 5B shows the inter-annual evolution of the lowest year (2029), which indicates the months of January to March as the periods of high water demand (IWR). The low IWR is between May and September. July is the lowest month of the year. In October, the IWR will observe an increase until December. In 2080 (Figure 5C), the year when the IWR will reach the highest quantities, the IWR will exhibit much the same phenomenon as 2029. However, the low quantities of IWR will be observed in May and August. The increase will start in September.





3.2. Irrigation Water Requirement according to ECHAM


3.2.1. RCP 4.5


The RCP 4.5 scenario modeled with ECHAM presents results very different from those of CSIRO. Indeed, the extreme north of the Niger River basin will record the highest IWR (Figure 6), over 22 mm/day. The southern part of the basin will present IWR around 11 mm/day. Guinea, Ivory Coast, and southwestern Mali are the areas with the lowest IWR quantities, less than 9 mm/day.



The IWR varies enormously from year to year. Figure 7A shows this irrigation variation of the IWR over the next 60 years. However, two years are to be noted—the year 2041 is projected to be the year which will record the lowest quantity of IWR in the Niger River basin, and the results also predicted that the year 2063 will present the highest quantity of IWR. The inter-annual IWR in 2041 (Figure 7B) will present the largest quantities of IWR from January to March, with a peak in February. However, this quantity will decrease between July and September; August will be the month during which the IWR will be the lowest. In 2063 (Figure 7C), the IWR will high from January to March (with the highest IWR). Therefore, the IWR will decrease between August and September, and then it will increase until December.




3.2.2. RCP 8.5


The RCP 8.5 (Figure 8) presents the same distribution shown by RCP 4.5. The same distribution is shown by RCP 4.5. However, the IWR amounts between the two scenarios (RCP 4.5 and RCP 8.5) are different.



Significant variations in the IWR will be observed in the Niger River basin over the next 60 years. However, the variations will be less pronounced between 2045 and 2060. Figure 9A makes it possible to identify two specific years, the year 2037 (this year is estimated to be when IWR is the lowest) and the year 2043 (the year at the heart of which the IWR is the highest). Figure 9B,C, respectively, illustrate the monthly variation of these two specific years. The months of January to March are periods where irrigation is important. However, the peak is observed in February 2037, whereas it will be detected in March 2043. IWR quantities are lower between May and October, with a peak observed in August 2037 and July 2043. Then the IWR will increase again until December.





3.3. Irrigation Water Requirement according to MIROC 5


3.3.1. RCP 4.5


The RCP 4.5 (Figure 10) shows the distribution of the IWR within the basin. According to RCP 4.5, the countries (Algeria, Mali, Niger, and Burkina Faso) in the north of the basin will have the highest quantities of IWR in the basin. However, the other countries have an IWR of less than 9 mm/day.



Figure 11A shows the evolution of the IWR over the next 60 years between 2020 and 2080. However, 2023 is the year predicted to have the lowest amount of IWR, and the year 2043 is the year with the largest amount of IWR. The monthly variations of these two specific years are illustrated respectively in Figure 11B,C. In 2023, the IWR will be at its maximum in January and February and at its minimum in August and September. In 2043, the highest values of IWR will be observed between January and March, with a peak in March. The lowest values will be observed in July then in September, the IWR will increase thereafter until December.




3.3.2. RCP 8.5


The distribution of IWR in the Niger basin is similar to that indicated by RCP 4.5; however, the IWR quantities of RCP 8.5 are higher (Figure 12). Quantities vary from 2.4 mm/day to over 20 mm/day.



Figure 13A shows the evolution of the IWR between 2020 and 2080. There are thus two specific years—according to the results 2030 is the year in which the IWR is at its lowest, and 2066 is the year in which the IWR is the highest of the 60 years. Figure 13B presents the annual evolution of the IWR in 2030; January to March are the highest with a peak in February. The lowest IWR quantities will be observed in July to October with a peak in August. In 2066 (Figure 13C), the IWR will be at its maximum with a peak in February. However, the IWR will be at its minimum between June and October with a peak in July and September.






4. Discussion


Studies on climate projections always present some degree of uncertainty. Therefore a discussion of the different sources of uncertainty isrequired.



The simulation of the same greenhouse gas emission scenario by different GCMs, gives different climate change scenarios [22,68,69,70]. This is the example of the CSIRO RCP 4.5 in this study, which predicts an IWR of about double the other models. There is also non-consideration of the effects of CO2 concentration, GCMS, on plants eventually underestimated regional warming and overestimation of humidity, especially in tropical areas [22,66]. The other source of uncertainty is relative to the lack of knowledge about irrigated crops in this sub-Saharan part of Africa; providing simplistic modeling of the irrigation model, causing uncertainty in the evaluation of current irrigation requirements and the assessment of impacts on climate change.



In the same perspective, Ed Hawkins and Rowan Sutton [68] explain that uncertainties in climate prediction come from three different sources. First, the climate system’s internal variation, which is the consequence of natural fluctuations without any radiative strength of the planet. Second, the response uncertainty, indeed, from the climate system’s natural fluctuation, the different models propose different climate change. Furthermore, uncertainty about the future greenhouse gas emissions will also impact climate prediction.



Thus, during the interpretation of the results, our results, limits, and corresponding uncertainties must be kept in mind.



According to the IPCC 5, whose database was used in this study, the whole world will experience an increase in temperature and precipitation in the coming years [71]. However, Africa will face a significant climatic upheaval as well as a rainfall deficit, which will have direct consequences on crop productivity [72]. This situation is more accentuated in sub-Saharan Africa than in other regions, as sub-Saharan Africa is projected to most often face a significant rainfall deficit [73].



According to FAOSTAT data (http://www.fao.org/faostat/en/#data/QC, accessed on 12 May 2020), the countries in the Niger River basin have experienced an increase in the production of certain crops. Thus, Nigeria is the leading cassava producer, with more than 59 million tons grown each year between 2015 and 2018. Nigeria is also the top producer of maize, with more than 10 million tons produced each year between 2015 and 2018. The top producer of rice, with an average production of approximately 6.7 million tons between 2015 and 2018. Nigeria also dominates sorghum production, although the production of sorghum experienced a decrease in Nigeria in 2018. Niger is the leading producer of millet. The millet production of Niger rose from 3.4 million tons in 2015 to more than 3.8 million tons in 2018, according to FAOSTAT. Ivory Coast dominates the production of sugar cane, but the annual production of sugar cane has decreased, and, in effect, its production thus fell from 2 million tons in 2015 to approximately 1.9 million tons in 2018.



The Niger River basin covers two types of climate. In the north, the climate is essentially arid or semi-arid; these climates generally extend over Mali, Algeria, and Niger. In the south, the climate is generally humid; it extends over Guinea, Ivory Coast, Nigeria, Cameroon, and Chad. The inter-annual results of the IWR, according to the set of models selected, illustrate that the largest quantities of water used for irrigation are generally observed between January and March, and the lowest quantities are the most often seen between July and September. The rainy season generally begins in May and June in the great majority of countries located in the arid or semi-arid zone, and this season lasts three to five months. Therefore, the amount of IWR is lower for all the crops selected in the basin. Between September and October, the models predict the start of the increase in the IWR; this is explained by the end of the rainy season over a large part of the basin’s countries.



The majority of models also illustrate a peak in the IWR between March and April; in fact, it corresponds to the excessive heatwave in almost all the countries of the basin. The heatwave is important in countries located in arid and semi-arid zones such as Niger, Mali, or Algeria. The amount of water used in irrigation varies from year to year; however, the IWR also varies by country. In Table 1, Table 2 and Table 3, the variation of the IWR of different plants in different basin countries is shown in the evidence. Therefore, countries in the arid and semi-arid zone will use more irrigation. Countries such as Algeria, Mali, Niger, and Burkina-Faso are the most affected by the use of large amounts of IWR. Countries south of the basin will have the lowest amounts of IWR in the basin due to a long rainy season compared to countries in arid and semi-arid zones. Indeed, the zone comprising the extreme south of Algeria, the northwest of Niger, and the northeast of Mali is hydraulically inactive; this also favors the Sahara Desert’s advancement.




5. Conclusions


The fifth most-produced seed globally, sorghum, is an incredibly important crop in African countries. It is used in several different dishes. In West Africa, Nigeria was the leading producer of sorghum in 2013. Indeed, sorghum production in Nigeria surpasses that of all other crops, and sorghum has considerable sustainable and economically profitable potential. In 2009, approximately 70% of sorghum production was used for local consumption, almost 30% was used for cattle feed, and less than 1% was used for international trade. Notably, Burkina-Faso is the third-largest producer of sorghum on the African continent after Nigeria and Sudan.



The north of the Niger basin is desert and very arid, temperatures are very high, and rainfall is infrequent. According to all the models, this area will consume a huge amount of water for irrigation. Mali and Niger will have to plan an agricultural strategy if they want to produce foods in this area. Sorghum and millet are the crops consuming the least amount of water for irrigation; followed by cassava, then rice and corn, and finally sugar cane. However, the choice of the best model requires the uncertainty associated with the selection of models. Other knowledge and methods of selection are essential in selecting the best models. This study provides a global idea of the variation of the IWR in the Niger River basin in the next sixty years.



According to the different models, the different results of the IWR are mainly due to the difference in the resolution of the data of the different models. Indeed the data provided by the different models have large resolutions [56]. Given the multiple relief over which the Niger river basin extends, climatic data with less than 25 km resolutions are necessary for an adequate climatic representation [56]. However, GCMs fail to provide adequate resolution [74]; they provide rough results and general spatial information. Advanced GCMs, coupled with a regional circulation model to give high-resolution output [75] or downscaling methods with particular attention to topographic effects [76], can solve the insufficient spatial resolution of meshed climate data describing future climates.



The essential IWRs are preceded by the RCP 4.5 of the MROC5 model, which predicts an IWR of 16.3 mm/day, and the RCP 4.5 of the CSIRO model predicts an IWR of 45.9 mm/day. These significant amounts of IWR will be particularly observed in Mali, Niger, Algeria, and rarely in Burkina Faso (depending on the model RCP4.5 and 8.5 of the CSIRO model). The lowest quantities of IWRs are preceded by the RCP 4.5 of the Miroc5 model which will be 1.29 mm/day, the RCP 4.5 of the CSIRO model predicts 33.4 mm/day Guinea, the Southern Mali, Ivory Coast, the center and south of Nigeria and Cameroon are the zones where the lowest quantity will be observed. However, the sugar cane will be the crop with the highest IWR according to the model’s prediction, and it will consume an IWR between 0.25 mm/day (Benin in 2020–2040) and 25.66 mm/day (Chad in 2060–2080). According to model forecasts, millet will be the culture that will possess the lowest IWR, its quantity of irrigation water will be between 0.20 mm/day (Benin from 2020 to 2060) and 19.37 mm/day (Chad in 2060–2080) according to the prediction of models.



Thus, with this study, countries belonging to the Niger River basin can adopt robust policies with further research in water resources and agriculture sectors, thus ensuring good essential crop production. It would also be of great interest to these countries to reduce the quantity of water used to produce plants grown for export in the future.
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Figure 1. Map of the Niger River basin. The map shows the ten countries in the basin and the river’s tributaries. The map was constructed on a satellite image from the ESRI (Environmental Systems Research Institute) base map. 
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Figure 2. IRW under CSIRO. It shows the global irrigation water requirements in different countries in the basin under the RCP 4.5. 
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Figure 3. Evolution of irrigation water requirements (IWR) in mm/day under CSIRO RCP 4.5. (A) Demonstrates annual irrigation water requirements. (B) Demonstrates monthly irrigation water requirements for 2027, with the lowest irrigation water requirements by crops. (C) Demonstrates monthly irrigation water requirements for 2079, with the highest irrigation water requirements by crops. irrca denotes irrigation water requirement of cassava; irrrc denotes irrigation water requirement of rice and corn; irrsc denotes irrigation water requirement sugar cane; irrsm denotes irrigation water requirement of sorghum and millet. Jan means January; Feb means February; Mar means March; Apr means April; Jun means June; Jul meas July; Aug means August; Sep means September; Oct means October; Nov means November; Dec means December. 
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Figure 4. IRW under CSIRO. It shows the global irrigation water requirements in different countries in the basin under the RCP 8.5. 
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Figure 5. Evolution of IWR (in mm/day) under CSIRO RCP 8.5. (A) Demonstrates annual irrigation water requirements. (B) Demonstrates monthly irrigation water requirements for 2027, with the lowest irrigation water requirements by crops. (C) Demonstrates monthly irrigation water requirements for 2079, with the highest irrigation water requirements by crops. Same as Figure 3. 
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Figure 6. IRW under ECHAM. It shows the global irrigation water requirements in different countries in the basin under the RCP 4.5. 
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Figure 7. Evolution of IWR (in mm/day) under ECHAM RCP 4.5. (A) Demonstrates annual irrigation water requirements. (B) Demonstrates monthly irrigation water requirements for 2041 with the lowest irrigation water requirements by crops. (C) Demonstrates monthly irrigation water requirements for 2063, with the highest irrigation water requirements by crops. Same as Figure 3. 
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Figure 8. IRW under ECHAM. It shows the global irrigation water requirements in different countries in the basin under the RCP 8.5. 
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Figure 9. Evolution of IWR (in mm/day) under ECHAM RCP 8.5. (A) Demonstrates annual irrigation water requirements. (B) Demonstrates monthly irrigation water requirements for 2037, with the lowest irrigation water requirements by crops. (C) Demonstrates monthly irrigation water requirements for 2043 with the highest irrigation water requirements by crops. Same as Figure 3. 
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Figure 10. IRW under MIROC 5. It shows the global irrigation water requirements in different countries in the basin under the RCP 4.5. 
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Figure 11. Evolution of IWR (in mm/day) under MIROC 5 RCP 4.5. (A) Demonstrates annual irrigation water requirements. (B) Demonstrates monthly irrigation water requirements for 2023, which have the lowest irrigation water requirements by crops. (C) Demonstrates = monthly irrigation water requirements for 2043 with the highest irrigation water requirements by crops. Same as Figure 3. 
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Figure 12. IRW under MIROC 5. It shows the global irrigation water requirements in different countries in the basin under the RCP 8.5. 
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Figure 13. Evolution of IWR (in mm/day) under MIROC 5 RCP 8.5. (A) Demonstrates annual irrigation water requirements. (B) Demonstrates monthly irrigation water requirements for 2030, with the lowest irrigation water requirements by crops. (C) Demonstrates monthly irrigation water requirements for 2066, with the highest irrigation water requirements by crops. Same as Figure 3. 
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Table 1. Total irrigation water requirements (IRW) in mm/day under CSIRO.
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Country

	
Year 2020–2040




	
RCP 4.5

	
RCP 8.5




	
Irrca

	
Irrrc

	
Irrsc

	
Irrsm

	
Irrca

	
Irrrc

	
Irrsc

	
Irrsm






	
BEN

	
8.72

	
9.73

	
10.24

	
7.70

	
4.49

	
4.86

	
5.43

	
3.87




	
BFA

	
9.57

	
10.54

	
11.03

	
8.59

	
5.06

	
5.57

	
5.91

	
4.48




	
CIV

	
7.17

	
8.18

	
8.69

	
6.16

	
2.94

	
3.32

	
3.87

	
2.32




	
CMR

	
7.33

	
8.36

	
8.87

	
6.31

	
3.25

	
3.82

	
4.23

	
2.59




	
DZA

	
7.89

	
8.71

	
9.12

	
7.07

	
4.29

	
4.78

	
5.04

	
3.79




	
GIN

	
7.81

	
8.84

	
9.35

	
6.78

	
3.23

	
3.72

	
4.16

	
2.61




	
MLI

	
9.16

	
10.10

	
10.57

	
8.22

	
4.83

	
5.31

	
5.65

	
4.28




	
NER

	
8.84

	
9.72

	
10.15

	
7.96

	
4.76

	
5.28

	
5.52

	
4.25




	
NGA

	
7.86

	
8.87

	
9.37

	
6.84

	
3.68

	
4.22

	
4.63

	
3.04




	
TCD

	
7.74

	
8.77

	
9.29

	
6.70

	
3.69

	
4.26

	
4.69

	
3.02




	

	
Year 2040–2060




	
BEN

	
9.03

	
10.38

	
10.60

	
7.96

	
4.60

	
5.24

	
5.57

	
3.95




	
BFA

	
10.05

	
11.19

	
11.60

	
9.01

	
5.26

	
5.87

	
6.17

	
4.65




	
CIV

	
7.44

	
8.99

	
9.05

	
6.42

	
2.78

	
3.41

	
3.73

	
2.15




	
CMR

	
7.56

	
8.75

	
9.14

	
6.51

	
3.57

	
4.23

	
4.57

	
2.90




	
DZA

	
8.39

	
9.26

	
9.69

	
7.51

	
4.52

	
5.04

	
5.30

	
4.00




	
GIN

	
7.95

	
9.25

	
9.55

	
6.89

	
2.95

	
3.58

	
3.90

	
2.32




	
MLI

	
9.67

	
10.72

	
11.17

	
8.67

	
4.96

	
5.54

	
5.83

	
4.38




	
NER

	
9.48

	
10.40

	
10.89

	
8.54

	
5.09

	
5.64

	
5.91

	
4.54




	
NGA

	
8.18

	
9.34

	
9.75

	
7.13

	
3.96

	
4.61

	
4.94

	
3.30




	
TCD

	
7.92

	
9.04

	
9.48

	
6.84

	
4.01

	
4.69

	
5.03

	
3.33




	

	
Year 2060–2080




	
BEN

	
4.49

	
5.10

	
11.12

	
8.26

	
4.70

	
5.37

	
5.70

	
3.84




	
BFA

	
5.43

	
6.11

	
11.95

	
9.24

	
5.32

	
5.94

	
6.26

	
4.65




	
CIV

	
4.10

	
4.70

	
9.61

	
6.64

	
2.80

	
3.44

	
3.76

	
1.97




	
CMR

	
3.52

	
4.10

	
9.59

	
6.82

	
3.61

	
4.29

	
4.62

	
2.84




	
DZA

	
9.43

	
10.32

	
9.96

	
7.72

	
4.79

	
5.33

	
5.60

	
4.22




	
GIN

	
4.59

	
5.23

	
9.86

	
6.99

	
3.00

	
3.64

	
3.96

	
2.27




	
MLI

	
8.31

	
9.15

	
11.47

	
8.89

	
5.09

	
5.69

	
5.99

	
4.44




	
NER

	
9.14

	
10.03

	
11.10

	
8.72

	
5.25

	
5.82

	
6.10

	
4.68




	
NGA

	
4.57

	
5.19

	
10.13

	
7.38

	
4.06

	
4.73

	
5.06

	
3.31




	
TCD

	
8.81

	
9.68

	
9.90

	
7.17

	
4.09

	
4.78

	
5.12

	
3.30








It shows the total amount of irrigation water requirements by countries of the basin under the RCP 4.5 and the RPC 8.5. A demonstrates mean from 2020 to 2040, B demonstrates mean from 2040 to 2060, C demonstrates mean from 2060 to 2080. Irrca denotes irrigation water requirement of cassava; Irrrc denotes irrigation water requirement of rice and corn; Irrsc denotes irrigation water requirement sugar cane; Irrsm denotes irrigation water requirement of sorghum and millet. BEN denotes Benin, BFA denotes Burkina-Faso, CIV denotes Ivory Coast, CMR denotes Cameroon, DZA denotes Algeria, GIN denotes Guinea, MLI denotes Mali, NER denotes Niger, NGA denotes Nigeria, TCD denotes Chad.
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Table 2. Total irrigation water requirements (IRW) in mm/day under ECHAM.
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Country

	
Year 2020–2040




	
RCP 4.5

	
RCP 8.5




	
Irrca

	
Irrrc

	
Irrsc

	
Irrsm

	
Irrca

	
Irrrc

	
Irrsc

	
Irrsm






	
BEN

	
2.80

	
3.42

	
3.74

	
2.17

	
2.64

	
3.27

	
3.58

	
2.01




	
BFA

	
3.49

	
4.11

	
4.42

	
2.87

	
3.35

	
3.97

	
4.28

	
2.74




	
CIV

	
1.91

	
2.51

	
2.81

	
1.31

	
1.86

	
2.47

	
2.77

	
1.25




	
CMR

	
2.62

	
3.25

	
3.56

	
1.99

	
2.61

	
3.24

	
3.55

	
1.98




	
DZA

	
4.88

	
5.43

	
5.70

	
4.33

	
4.83

	
5.37

	
5.65

	
4.28




	
GIN

	
1.85

	
2.45

	
2.76

	
1.25

	
1.77

	
2.38

	
2.68

	
1.17




	
MLI

	
3.84

	
4.44

	
4.74

	
3.24

	
3.86

	
4.46

	
4.76

	
3.26




	
NER

	
4.70

	
5.30

	
5.60

	
4.10

	
4.57

	
5.17

	
5.47

	
3.97




	
NGA

	
2.79

	
3.42

	
3.73

	
2.17

	
2.69

	
3.32

	
3.63

	
2.06




	
TCD

	
2.63

	
3.25

	
3.57

	
2.00

	
2.59

	
3.22

	
3.54

	
1.96




	

	
Year 2040–2060




	
BEN

	
2.71

	
3.34

	
3.65

	
2.09

	
2.67

	
3.30

	
3.62

	
2.04




	
BFA

	
3.50

	
4.12

	
4.43

	
2.87

	
3.34

	
3.96

	
4.28

	
2.71




	
CIV

	
2.05

	
2.66

	
2.97

	
1.44

	
2.13

	
2.74

	
3.05

	
1.51




	
CMR

	
2.78

	
3.42

	
3.74

	
2.15

	
2.86

	
3.49

	
3.81

	
2.22




	
DZA

	
4.83

	
5.38

	
5.65

	
4.28

	
4.88

	
5.43

	
5.70

	
4.33




	
GIN

	
1.96

	
2.57

	
2.87

	
1.35

	
2.02

	
2.63

	
2.94

	
1.40




	
MLI

	
3.92

	
4.53

	
4.83

	
3.32

	
3.78

	
4.39

	
4.69

	
3.17




	
NER

	
4.70

	
5.31

	
5.61

	
4.10

	
4.59

	
5.20

	
5.50

	
3.98




	
NGA

	
2.85

	
3.48

	
3.80

	
2.22

	
2.87

	
3.50

	
3.82

	
2.23




	
TCD

	
2.78

	
3.41

	
3.73

	
2.15

	
2.87

	
3.50

	
3.82

	
2.23




	

	
Year 2060–2080




	
BEN

	
2.65

	
3.27

	
3.59

	
2.10

	
2.74

	
3.38

	
3.70

	
2.10




	
BFA

	
3.41

	
4.04

	
4.35

	
2.85

	
3.48

	
4.11

	
4.43

	
2.85




	
CIV

	
1.98

	
2.59

	
2.90

	
1.59

	
2.22

	
2.84

	
3.15

	
1.59




	
CMR

	
2.78

	
3.41

	
3.73

	
2.41

	
3.06

	
3.71

	
4.03

	
2.41




	
DZA

	
4.79

	
5.33

	
5.61

	
4.57

	
5.13

	
5.69

	
5.97

	
4.57




	
GIN

	
1.91

	
2.52

	
2.83

	
1.53

	
2.15

	
2.77

	
3.08

	
1.53




	
MLI

	
3.84

	
4.45

	
4.75

	
3.40

	
4.02

	
4.64

	
4.95

	
3.41




	
NER

	
4.63

	
5.23

	
5.54

	
4.13

	
4.74

	
5.36

	
5.67

	
4.13




	
NGA

	
2.77

	
3.40

	
3.72

	
2.33

	
2.97

	
3.62

	
3.94

	
2.33




	
TCD

	
2.78

	
3.42

	
3.74

	
2.42

	
3.07

	
3.72

	
4.05

	
2.42








It shows the total amount of irrigation water requirements by countries of the basin under the RCP 4.5 and the RPC 8.5. Same as Table 1.
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Table 3. Total irrigation water requirements (IRW) in mm/day under MIROC 5.
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Country

	
Year 2020–2040




	
RCP 4.5

	
RCP 8.5




	
Irrca

	
Irrrc

	
Irrsc

	
Irrsm

	
Irrca

	
Irrrc

	
Irrsc

	
Irrsm






	
BEN

	
0.22

	
0.24

	
0.25

	
0.20

	
18.90

	
20.94

	
21.96

	
16.86




	
BFA

	
0.23

	
0.25

	
0.26

	
0.21

	
17.71

	
19.65

	
20.63

	
15.76




	
CIV

	
0.23

	
0.25

	
0.26

	
0.21

	
17.32

	
19.36

	
20.37

	
15.29




	
CMR

	
0.23

	
0.25

	
0.26

	
0.21

	
20.94

	
23.49

	
24.77

	
18.40




	
DZA

	
0.25

	
0.27

	
0.28

	
0.22

	
20.03

	
22.44

	
23.65

	
17.63




	
GIN

	
0.23

	
0.25

	
0.26

	
0.21

	
17.22

	
19.23

	
20.23

	
15.21




	
MLI

	
0.23

	
0.25

	
0.27

	
0.21

	
17.46

	
19.47

	
20.48

	
15.45




	
NER

	
0.23

	
0.25

	
0.26

	
0.21

	
18.08

	
20.11

	
21.12

	
16.05




	
NGA

	
0.23

	
0.25

	
0.26

	
0.20

	
20.06

	
22.36

	
23.52

	
17.75




	
TCD

	
0.23

	
0.25

	
0.26

	
0.21

	
21.44

	
23.91

	
25.14

	
18.97




	

	
Year 2040–2060




	
BEN

	
0.22

	
0.25

	
0.26

	
0.20

	
18.95

	
20.99

	
22.01

	
16.90




	
BFA

	
0.23

	
0.25

	
0.26

	
0.21

	
17.98

	
19.92

	
20.90

	
16.03




	
CIV

	
0.23

	
0.25

	
0.26

	
0.21

	
17.53

	
19.57

	
20.59

	
15.49




	
CMR

	
0.24

	
0.26

	
0.27

	
0.21

	
20.85

	
23.41

	
24.69

	
18.29




	
DZA

	
0.25

	
0.27

	
0.28

	
0.23

	
20.54

	
22.94

	
24.16

	
18.07




	
GIN

	
0.23

	
0.25

	
0.26

	
0.21

	
17.48

	
19.50

	
20.51

	
15.46




	
MLI

	
0.24

	
0.26

	
0.27

	
0.22

	
17.87

	
19.90

	
20.91

	
15.85




	
NER

	
0.24

	
0.26

	
0.27

	
0.21

	
18.44

	
20.48

	
21.50

	
16.40




	
NGA

	
0.23

	
0.25

	
0.26

	
0.21

	
19.89

	
22.21

	
23.36

	
17.60




	
TCD

	
0.23

	
0.25

	
0.26

	
0.21

	
21.41

	
23.90

	
25.14

	
18.95




	

	
Year 2060–2080




	
BEN

	
0.23

	
0.25

	
0.26

	
0.21

	
19.00

	
21.05

	
22.08

	
16.96




	
BFA

	
0.23

	
0.25

	
0.26

	
0.21

	
18.36

	
20.32

	
21.30

	
16.40




	
CIV

	
0.23

	
0.25

	
0.27

	
0.21

	
17.74

	
19.79

	
20.82

	
15.70




	
CMR

	
0.24

	
0.26

	
0.27

	
0.22

	
21.29

	
23.88

	
25.17

	
18.70




	
DZA

	
0.25

	
0.28

	
0.29

	
0.23

	
21.12

	
23.59

	
24.82

	
18.66




	
GIN

	
0.24

	
0.26

	
0.27

	
0.21

	
17.80

	
19.83

	
20.84

	
15.76




	
MLI

	
0.24

	
0.26

	
0.27

	
0.22

	
18.38

	
20.43

	
21.45

	
16.34




	
NER

	
0.24

	
0.26

	
0.27

	
0.22

	
18.80

	
20.85

	
21.87

	
16.75




	
NGA

	
0.23

	
0.25

	
0.26

	
0.21

	
20.22

	
22.56

	
23.72

	
17.89




	
TCD

	
0.23

	
0.25

	
0.27

	
0.21

	
21.88

	
24.40

	
25.66

	
19.37








It shows the total amount of irrigation water requirements by countries of the basin under the RCP 4.5 and the RPC 8.5. Same as Table 1.
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