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Abstract
Food security is a crucial issue in the Sahel and could be endangered by climate change and demographic pressure during the 21st century. Indeed, people in rural areas mainly practice rainfed agriculture for subsistence during the monsoon rainfall season. Higher temperatures and changes in rainfall induced by global warming are threatening food production systems in this region while the population of this region is expected to increase approximately threefold until 2050 according to several demographic scenarios. However climate change is very uncertain, with monsoon rainfall that might either increase or decrease, according to different climate models and greenhouse gases emissions scenarios. 
Our study quantifies the impact of climate change on food security by combining climate, crops yield and demographic evolution. Using 16 global climate models, we investigate the evolution of solar radiation, temperature and precipitation under two future climatic scenarios. We simulate yield for the main crops in West-Africa: maize, sorghum and millet. Finally, we estimate in terms of production in the future and is scaled by population changes in order to assess the number of available cereal production per capita in five countries in West Africa.
We found that, although uncertain, the evolution of the African monsoon is different between the countries with a rainfall increase in the Eastern Sahel for Niger and Nigeria and a decrease in the Western Sahel for Senegal under the Representative Concentration Pathway 8.5 scenario. With regard to the abundance of food for the inhabitants, all the scenarios in each country show that in 2050, local agricultural production will be below than 50 kilograms per capita, which corresponds to the basic threshold for feeding all the inhabitants of West Africa. The prospects for improving or adapting current agronomic techniques and/or expanding the cultivated areas do not allow to reach this threshold even by taking into account the [CO2] effect, which has a positive effect in drought situations. This would place additional pressures on resources in the region, with potentially strong impacts on crops import and regional migration.



1. Introduction
The Soudano sahelian zone is one of the most vulnerable regions in the world to climate hazards. It is characterized by a monsoon season stretching between May and September, which concentrates the majority of annual precipitation (between 200 and above 1200 mm per year). In this region, the rural population depend mainly on this rainfall season for subsistence rainfed farming and pastoralism (Ickowicz et al., 2012). The subsistence crops are mainly maize, millet and sorghum. They play a very important role in West Africa and account for over 60% to 98% of total crops production for the period 2008-2017 for Burkina Faso, Mali, Niger, Nigeria and Senegal (FAOSTAT). This food insecurity is likely to be exacerbated by climate warming in the coming decades and also by the the population growth. 
Concerning the climate change, providing reliable climate change impacts scenarios remains challenging because of the uncertainties in climate change scenarios. Following the IPCC AR5 report, climate change projections depend on the different General Circulation models (GCMs) used in the Climate Model Intercomparison (CMIP5) (Taylor et al., 2012) and on the different Representative Concentration Pathway (RCP) predicting a global warming from +0.94°C [0.49-1.65°, interval 5%-95%] (RCP2.6) to +1.7° [1.20-2.37°, interval 5%-95%] (RCP8.5) (Kirtman et al., 2013) in 2050 (in 30 years). Even if we consider one concentration pathway (RCP8.5), the wet-season precipitation changes, simulated by 39 models from CMIP5, range from -20% to +40% with respect to present day, even excluding outliers (Rowell et al. 2016). In addition, the representation of mean state of present period for rainfall and temperature is tainted by errors for most of the models used in the CMIP5 exercise across West Africa (Christensen et al., 2013), making the use of GCMs outputs difficult for impact studies without the application of a bias-correction method (Oettli et al., 2011). The study of Famien et al (2018) shows that using a quantile-quantile bias correction on 29 models from CMIP5 reduces historical error and improves the quality of impact studies such as projections of maize yield obtained by agronomic modelling under climate change scenario. 
The impact studies are then complicated, e.g. a meta-analysis of 52 studies for several crops showed that climate change might lead to yield losses in Africa of 5%, 10% and 15% of maize, millet and sorghum respectively in 2050 (Knox et al., 2012). Recent projects of intercomparison of agronomic models as AgMip have shown a convergence of yield reduction trends. However some studies (Durand et al., 2018; Kellner et al., 2019) showed that the increase of atmospheric CO2 concentration ([CO2]a) drive to several changes: a very low direct fertilisation effect, a reduction in transpiration implying a potential reduction in water stress . The combinaison of these potential effects lead to a smaller decrease of the in C4 crops yield in the areas where water stress is or would be strongly marked. 
On other hand, the possible decline in the productivity of the main staple food crops will be accompanied by a growing demographic pressure with the rapidly growing population (KC and Lutz, 2014). In the different countries cited above, the population could increase in 2050 by a factor of 2.3 to 4.5 with a high scenario following the different countries; the highest value corresponds to Niger (United Nations - Department of Economic and Social Affairs, 2017a, 2017b). These studies showed that the population is one of the main drivers of increased food insecurity. However, to our knowledge, climate uncertainty is not assessed in these studies, nor is the impact of climate change assessed through agronomic models, except through often macroeconomic trends. The purpose of this article is to approach by a global and interdisciplinary approach the combination of these different factors by combining the latest climatic, agronomic and demographic knowledge. For the climatic input, several global climate models from CMIP5 (16 models) are used under the RCP2.6 and RCP8.5 scenarios. To reduce the the bias of CMIP5 models in West-Africa, we apply a bias correction of these models using current climatic data. The future crops yield is obtain by an agronomic model (SARRA-O ) having been the subject of several publications in the field of climate change including the consideration of the CO2 effect (Durand et al., 2018; Kogo et al., 2019; Parkes et al., 2018; Sultan et al., 2019b). Finally the UN population projections is used  to describe the effects of these different trends in terms of kilograms of cereals per capita for Nigeria, Niger, Senegal, Mali and Burkina Faso, where maize, millet and sorghum production among all cereals account for 75%, 97%, 63%, 69% and 93% respectively. After the presentation of data and methodology with the presentation of RCP scenarios; in Section 3, we describe the results in terms of the evolution of seasonal climate, crops yield, country production by inhabitant. Finally, we discuss our results with particular attention to the limitations of our methodology, and the importance of considering demography in future impact studies and the potential yield evolution in relation with different adaptation method.
2. Method and data
2.1. Climate projections
In this study, we use daily climate projections from GCMs which have been previously bias-corrected (Famien et al. 2018). Famien et al (2018) reduced the bias in daily data by using an univariate quantile-quantile method, the Cumulative Distribution Function transfert (CDFt) method (Michelangeli et al., 2009; Vrac et al., 2012). By computing various climatic indices such as seasonal rainfall, dry spells and onset of the rains, Famien et al 2018 demonstrated that this technique strongly reduces the errors in the present-day simulations of the CMIP5 models compared to observed data (WFDEI, (Weedon et al., 2014) over the 1979-2013 period, and reduces the spread between the models for the different RCPs. This unbiased set of daily output (precipitation and temperature) from 16 CMIP5 Global Climate Models (GCM) (see Table 1 for the list) is used under two RCPs (RCP2.6 and RCP8.5) over the period 2006-2100 with a resolution of 0.5°X0.5° (Famien et al., 2018). The scenario RCP2.6 corresponds to a CO2 concentration of 442 ppm in 2050 stabilization and leads to an elevation of the global surface temperature of about 1.5 + 2 °C with respect to pre-industrial temperature. Conversely, the RCP8.5 is the high-emission scenario with a high greenhouse gases concentration increase which leads to a global warming of about 2°C with an increase of CO2 concentration of 540 ppm in 2050 (Collins et al., 2013; Moss et al., 2010). 
Table1 : List of 16 available CMIP5 models used for historical and RCP simulations. 
	Modelling Centre (or Group)
	CMIP5 Models  
	Resolution 
(lat x lon x lev)

	Beijing Climate Center, China Meteorological Administration
	bcc-csm1-1
	1.875°x1.875°x16

	
	bcc-csm1-1-m
	1.875°x1.875°x16

	College of Global Change and Earth System Science, Beijing Normal University
	BNU-ESM
	2.81°x2.81°x 26

	Canadian Centre for Climate Modelling and Analysis
	CanESM2
	2.790 x2.812x35

	Centre National de Recherches Météorologiques /Centre Européen de Recherche et Formation Avancée en Calcul Scientifique
	CNRM-CM5
	1.4° x 1.4° x 31

	NOAA Geophysical Fluid Dynamics Laboratory
	GFDL-ESM2G
	2x2.5x24

	
	GFDL-ESM2M
	2x2.5x24

	Met Office Hadley Centre (additional HadGEM2-ES realizations contributed by Instituto Nacional de Pesquisas Espaciais)
	HadGEM2-AO
	1.25x1.875x38

	
	HadGEM2-ES
	1.25x1.875x38

	Institut Pierre-Simon Laplace
	IPSL-CM5A-LR
	1.9°x3.75°x39

	
	IPSL-CM5A-MR
	1.25°x2.5° x39

	Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute (The University of Tokyo), and National Institute for Environmental Studies
	MIROC-ESM
	2.8125x2.8125x80

	Max-Planck-Institut für Meteorologie (Max Planck Institute for Meteorology)
	MPI-ESM-LR
	1.8653x1.875x47

	
	MPI-ESM-MR
	1.8653x1.875x95

	Meteorological Research Institute
	MRI-CGCM3
	1.12148 x1.125x48

	Norwegian Climate Centre
	NorESM1-M
	1.9x2.5x26



2.2. Population data
We select five countries in West Africa, where the maize, millet and the sorghum corresponds to nearly 70% to 98% of the total crop production (Table 2). Maize is mainly grown in the wetter environments : South of Burkina Faso and Nigeria where production accounts for 31% and 37% of total cereal production. Sorghum is grown more in North Burkina-Faso (39% of total production) and Niger (28% of total production). Finally millet is the most widely grown in semi-arid areas : Niger (69% of total production) and Senegal (39% of total production). 	
Table 1 - The distribution of crops production for the 5 countries studied for the period 2008-2017 from FAO stat.
	Country
	Sorghum
	Millet
	Maize
	Total

	Burkina Faso
	39%
	23%
	31%
	93%

	Mali
	19%
	24%
	26%
	69%

	Niger
	28%
	69%
	1%
	98%

	Nigeria
	27%
	11%
	37%
	75%

	Senegal
	9%
	39%
	16%
	64%



For the population projection, we use the UN population projection (low and high scenarii) until 2050 for the five countries (Table 1). For the low scenario, an increase between 2.36 (Nigeria) and 3.84 (Niger) times the current population is expected. For the High scenario, the increase will reach up to 4.51 times for Niger.
Table 2 - Current and projection population given by UN in million people and into parenthesis, the multiplicative factor compared to current population ((United Nations - Department of Economic and Social Affairs, 2017b)
	Country
	Current population (2010)
	Lower projection
	Higher projection

	Burkina Faso
	15.60
	39.14 (2.51)
	47.44 (3.04)

	Mali
	15.07
	39.99 (2.65)
	48.22 (3.20)

	Niger
	16.42
	63.10 (3.84)
	74.00 (4.51)

	Nigeria
	158.58
	374.16 (2.36)
	448.53 (2.83)

	Senegal
	12.92
	30.83 (2.39)
	37.35 (2.89)

	Western Africa 
	307.78
	735.78 (2.39)
	886.70 (2.88)



2.3. Yield Simulation
2.3.1.  SARRA-O model
To estimate yield for maize, sorghum and millet, we use the spatial version SARRA-O crop model that simulates the growth of a crop on an adaptive temporal and spatial scale of grid cells depending on the input data (here daily or ten days data, with a spatial resolution of 0.5°X0.5°) for sorghum, millet and maize. SARRA-O is the spatialized version of SARRA-H crop model (http://sarra-h.teledetection.fr/), that is a process-based-deterministic crop model to estimate the attainable yield under climate constraints by computing the soil water balance, evapotranspiration, phenology, assimilation, and biomass partitioning (Baron et al., 2005; Dingkuhn et al., 2003; see Kouressy et al., 2008 for a detailed review of model concepts). SARRA-H was calibrated against local agronomic-trial data and on-farm surveys conducted in contrasted sites, in different countries, in terms of climate and agricultural practices mainly in West Africa (Traoré et al 2011; Kouressy et al., 2008). These data were used to define the parameters of varieties, soils and farmers' main strategies in the crop model. SARRA-H showed good performance to simulate crop yield variability in West Africa compared to FAO data even if it tends to overestimate the mean yield (Sultan et al., 2019a, 2013), due to the reference to an optimum situation. 
As for SARRA-H version, five meteorological inputs are needed with SARRA-O (maximum and minimum temperatures, downwelling shortwave radiation, precipitation, and potential evapotranspiration (Penman-Monteith) (Baron et al., 2003). In this study, ET0 is computed by Hargreaves formula. Moreover, for the crops yield simulated by SARRA-H, Ramarohetra and Sultan (2017) show that Penman-Monteith  and Hargreaves formula give closed values with use of in situ weather data and that Hargreaves equation is robust when it is used in dry climate. Soil depth and soil water holding capacity were defined based on the Harmonized World Soil Database (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012). First planting is usually done as soon as possible, just after the first heavy rains, from the northern part, where the situation is more humid, to the southern part the planting date can extend throughout more than one month. In the model, the sowing date is automatically simulated : when simulated plant soil water availability is greater than 10 mm at the end of the day, followed by a 20 day period during which crop establishment is monitored. The juvenile stage of the crop is considered failed, triggering automatic re-sowing, if the simulated daily total biomass decreases for 3 of the 20 days (cereal’s case).
2.3.2.  The concentration of CO2 and the integration in SARRA-O
The effect of temperature affects two processes of biomass development and growth. Cycle length is calculated as a function of degree-day whose temperature thresholds allowing their calculation are varietal specificities. The efficiency of converting light energy into biomass is also a function of the temperature that interacts with maintenance respiration: the more it increases, the more the maintenance respiration increases while reducing the conversion performance into new biomass.
The effect of the atmospheric concentration of CO2 ([CO2]a) is reflected by a better efficiency of transpiration. Concerning the impact of the evapotranspirative demand (ET0), if the ET0 calculation methods such as Penman-Monteith or Hargreaves make it possible to take into account the evolution of the trends simulated by the GCM models, they do not take into account the important role of increasing [CO2]a on stomatal regulation processes (Bunce, 2004). Olioso et al (2010) established a relationship correcting ET0 for this concentration ET0 [CO2]a. This study, using the ISBA-A-gs model (Calvet et al., 1998) and a large number of experimental results, made it possible to establish a linear relation according to the [CO2] a (in ppm) impacting the ET0 of -8% for an increase of [CO2]a at 550 ppm and -20% for an increase of [CO2]a at 990 ppm, relative to the ambient ET0 with a [CO2]a of about 370 ppm. 
This relationship was incorporated into the SARRA-H (& SARRA-O) crop model, and was calibrated with the results (Braunschweig, Germany, 2007-2008) on maize and [CO2]a  concentration experiments (Erbs et al., 2015; Manderscheid et al., 2014). This study, which started under the AgMip project (Durand et al., 2018), showed the importance of the impact of [CO2]a on maize yield in case of non-satisfaction of the water needs of the plant. If for C4 plants (maize, millet, sorghum) it is recognized that the fertilization effect of [CO2]a, out of water stress situation, is negligible on the yield, the maize-FACE experiment allowed to highlight an effect very important in case of high water stress by the indirect effect of reducing transpiration. The measurements shown a very high positive [CO2]a impact on yield under water deficit: 40% increased yield, from 7 Mg ha−1, with ambient [CO2]a, to 9.8 Mg ha−1, with 550 ppm [CO2]a, undergoing the same level of water stress (Durand et al., 2018; Kellner et al., 2019). 
2.3.3.  Estimation of crop yields
To estimate the impact of the evolution of the crops yield on the population, we need to get the most accurate crops yields. To achieve this, SARRA-O simulated yields in optimum situations for the period 1986-2005 with all 16 GCMs on each pixel of 0.5 ° X 0.5 ° are averaged at the country level (each year) (eq 1). Yields are then averaged over the whole period (eq 2), pixels where the yield is null for all years are excluded from the averages. So we get an average yield per country and per crop. To avoid overestimation of yield due to the reference to an optimum situation, which is not representative of the hight variability we may find in those countries (lack of inputs, seed quality, soil variability...), in a same meaning than for meteorological data corrections we applied a correction to the yield estimation using FAO yield data: for the same period, we have the average yield per country and per crop given by FAO. We divide the simulated yield by the FAO yield, which gives us an average correction factor per country and per crop (eq 3). Yield simulations from 2041 to 2060 for RCP2.6 and RCP8.5 are then corrected by the same correction factor for each cereal, GCM model and  country (eq 4), assuming that the correction factor does not change in future climate scenarios.
 (1)

 (3)
 (4)


With: 
 = crop yield (kg/ha) at i pixel from the country c (c= Nigeria, Niger, Senegal, Mali or Burkina-Faso), n is the number of pixel for c, k is the crop (maize, millet or sorghum),  and the year (y)
 = average of  crop yield at the country level (c) for each crop (k)
 = Period average of  crop yield between 1986  and 2005 at country level (c) for each crop (k)
 = Crop correction factor at country level (c) for each crop (k)
 = average of observed yield, given by FAO, for the period 1986-2005 at country level (k)
 = average of corrected yield at the country level (c)  for each year (y) and each crop (k) 

2.4. Estimation of cereal production per capita
We first estimate the crop production per country by multiplying the annual corrected yield (2041-2060) ( by the average harvested area for the period 2008-2017 (), given by FAO for each crop (eq5). The choice of this period is justified in order to obtain the cultivated areas corresponding to the current situation at country level. Production by cereal is summed to obtain a number of kilograms of grain per year per country (eq 6). 
 (5)
 (6)
With: 
 =  average of corrected Production at the country level (c)  for each year (y) and each crop (k) 
 = average of  harvested surface at the country level (c) for each crop (k) for the period (z)
 Total crops Production at the country level (c)  for each year (y) 

To obtain per capita production around 2050, the country's total production (〖P ̅corr〗_(c,y)) is then divided by the country's average population estimated over the period 2041-2060 .
3. Results
3.1. Climatic evolution
As shown by Biasutti et al (2013), the monsoon rainfall is expected to follow different trends by the end of the 21st century in the Western Sahelian area and the Eastern Sahelian area. Taking in account such trends we analyse all climatic and yield evolution at the country scale. Only the locations where we have almost one of crops yield are considered to calculate the average.
The climatic evolution is analyzed with three indicators: precipitation, temperature and solar radiation over April and October period to obtain a common period, where the different cereals are cultivated. The gridded input data, where we have crops yield, which are simulated by SARRA-O in historical period, are averaged on the country scale. The evolution of ET0 is not shown and similar to the temperature trend because is computed only with temperature variation (Hargraeves).
Figure 1 shows the distribution of the climatic values obtained by the 16 GCMs averaged on the historical period (1986-2006) in red, on the period 2041-2060 for RCP2.6 in green and RCP8.5 in blue. First, due to biais corrections, for the historical period, the inter-model variability of climatic values are very limited for the precipitation, the temperature and the solar radiation.  For this historical period, , the most contrasted climatic situation is observed for the precipitation (Figure 1 a): maximum rainfall in  Nigeria with 1200 mm and in contrast, nearly 300 mm for Niger. For the evolution of precipitation between the historical period, the RCP2.6 and the RCP8.5, there is little changes for Burkina Faso, Mali and Nigeria,. For Niger, there is about 30% more rainfall than the median, from 300 to 400 mm of threshold rainfall during the monsoon for RCP8.5. On the other hand, rainfall fell sharply in Senegal for RCP8.5 with the median of models falling below 600 mm. For the uncertainty related to the different models, it is similar between the RCP2.6 and the RCP8.5 of the order of + -50 mm around the median. It is doubled for Senegal with + - 100 mm. Concerning the temperature (Figure 1 b), highest increase is observed for Burkina Faso, Mali and Niger with 1.5 ° for RCP2.6 and 2.5 ° for RCP8.5 in 2050. For Senegal, the proximity of the Ocean limits the temperature increase to 1 ° for RCP2.6 and 1.5 to 2 ° for RCP8.5. For RCP8.5, model uncertainty is + - 0.5 °. Finally for radiation, for the historical period, in links with the precipitation,  the maximum is observed in the North where the precipitation is less important with about 6000 W / M² for Niger and the minimum in the South with about 4000 W/M² for Nigeria. In the 21st century, the intermodal variability increase for the radiation and an overall decline in radiation (median results) is observed for all countries with the RCP8.5 scenario. 
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Figure 1- Change in terms of precipitations (A), temperature (B) and radiation (C) for the 5 countries. The boxplot represents the results from 16 models with the average of historical run from 1986 to 2005 (red), rcp2.6 (green) and rcp8.5 (blue) run from 2041 to 2060.
3.2. Evolution of yields across five countries in West Africa
The analyzes were performed on the two scenarios: RCP2.6 involving a reduction of current trends and RCP8.5 which prolongs the current trends. In the case of RCP8.5, where the increase in [CO2]a is high, further analysis was carried out, taking into account the effects on plant transpiration. Results are not shown for the RCP2.6 scenario since this effect is marginal.
First of all, on Figure 2, the analysis of RCP2.6 scenario is carried out for the 5 countries with the evolution of the yield of maize (top), millet (center) and sorghum (bottom) for the period of 2041 to 2060. For Burkina Faso, Mali and Nigeria, median crops yield are 10-15% lower than in the historical period. These performances are explained by the stable precipitation and the increase in temperature. This situation is mainly explained by the combination of three processes : increased potential evapotranspiration, crop maintenance respiration and a reduction of the crop-cycle length (Ahmed et al., 2015; Challinor et al., 2015; Sultan et al., 2013). For Niger, where cultivation of maize is marginal (1%), an increase in crops yield, reaching + 10% for maize, is observed. This is the result of increased rainfall in southern Niger where maize growing conditions begin suitable.. For Senegal, the decrease in rainfall under scenario RCP2.6, combined with the effect of temperature, has the strongest impact on the yield of the three cereals, with a decrease of up to 20% compared to the historical period (for the first quantile).
For RCP8.5, the increase in [CO2]a is strong until 550 ppm in 2050, it will be 25% more that we are currently experiencing and the latest studies have shown a strong impact of [CO2]a on crops with these concentrations in drying conditions. The analysis will therefore be done in two parts to estimate the impact of the concentration of [CO2]a. In this scenario, business as usual, climate change varies greatly between the different models, which leads to projections of very different yields depending on the region and the model. First, the SARRA-O model is used without taking into account the [CO2]a effect on crops (cyan on Figure 2) and then with the CO2 effect (violet on Figure 2).
In the first case, without effect of [CO2]a, compared with RCP2.6, we have greater variability between models. For maize, millet and sorghum, the trends are similar with a weakening of crops yield for Mali, Nigeria and Senegal. For the latter country, Senegal, yields can fall by 50% for the three cereals for the most pessimistic climate models. For Burkina Faso, the change between historical period and the RCP2.6 and RCP8.5 are similar for maize and millet. For sorghum, in the case of the RCP8.5, we observe a weakening of the crop yield from about 875 kg/ha in historical period to 750 kg/ha for RCP2.6 and 600kg/ha for RCP8.5. For Niger, the increase in rainfall seems to offset the effects of rising temperatures or even making the environment more conducive to growing crops with higher yields. Unlike other countries, the median yield does not change compared to RCP2.6 but the intermodel variability is greater with for example a yield between 600 (1st quartile) and 1000 (3rd quartile) kg/ha for the maize for the period 2041-2060 instead of 750 kg/ha for the historical period. 
In the second case with the [CO2]a taking in account in the processes, the effect on yields has been highlighted by various studies (Durand et al., 2018; Faye et al., 2018; Parkes et al., 2018; Sultan et al., 2019b) and here we study the effect in West Africa. In Figure 2, yields for 2041-2060 period with the effects of [CO2]a are present (violet color). First of all, the differences with the [CO2]a -free RCP8.5 scenario are visible mainly for maize, which is most sensitive to water stress, and secondly for sorghum and millet. Taking into account [CO2]a has improved the efficiency of transpiration for biomass production. Thus the negative impacts on yields are reduced and conversely the positive impacts, according to the used GCMs, are improved. This increase may be compared with the Face experimentation showing an increase of 40% of the yield with [CO2]a at 550ppm (Manderscheid et al., 2014). On the other hand, for millet and sorghum, the answer is more nuanced according to the countries but the yields are comparable, or higher, to those of the historical period. The effects are even more pronounced for maize, a plant that is more sensitive to water stress and countries bordering the desert (sahel belt) subject to more water stress and temperature effects. In fact, for Nigeria and Senegal, yield improvements make it possible to recover the yields obtained with RCP2.6. Conversely, for Burkina Faso, Mali and especially Niger combining with upper rainfall effect, there is a gain in yields compared to RCP2.6.
In summary, by analyzing the median of all the results from the different GCMs, we therefore have a reduction in yields for RCP2.6 and RCP8.5 (excluding [CO2]a) with the exception of Niger where the median of precipitation is expected to increase of about 30% compared to the historical period. On the other hand, yields fell most sharply in Senegal, which will experience the greatest drop in precipitation with RCP8.5. By taking into account [CO2]a, the yields increase compared to the non-taking into account of the [CO2]a effect by the agronomic model. Taking into account the evolution of CO2 and rainfall, the highest growth is observed for maize in Burkina Faso and Niger where yields are higher than those observed during the historical period of 10% for the first and nearly 60% for the second. The 30% increase in precipitation and better transpiration efficiency for maize in Niger make the growing conditions much more favorable, which explains the sharp increase in yields.
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Figure 2- Change in terms of maize yield (A), millet yield (B) and sorghum yield (C) for the 5 countries. The boxplot represents the results from 16 models with the average of historical run from 1986 to 2005 (red), rcp2.6 (green), rcp8.5 without [CO2] (cyan) and rcp8.5 with [CO2] (violet) run from 2041 to 2060. The black line on each bowplot represents the median.

3.3. Evolution of agronomic yields production per capita  
The last part of this study compares the evolution of agronomic production (yield multiplied by crop surfaces) for maize, millet and sorghum divided by the number of inhabitants in 2050 across West Africa. Our five countries are very contrasting in terms of climate and population evolution and maize, millet and sorghum production among all cereals account for 75%, 98%, 64%, 69% and 93% respectively for Nigeria, Niger, Senegal, Mali and Burkina Faso. To estimate the crop production with respect to the population, the country yields are multiplied by harvested crops surface (fixed to 2008-2017 level) average and the whole production (maize, sorghum and millet) is summed up and divided by the average population estimation at the country scale for historical period (1986-2005) and future period (2041-2060) for RCP2.6 and RCP8.5. The figure 4 presents the results with the historical run (red), RCP2.6 (green) and the RCP8.5[CO2]. On the top, we use a population that is fixed at its 2010 rate, at the center the low scenario of the UN and at the bottom the high scenario of the UN.
With the historical period (red), values range from 80 kg/inhabitant (Senegal) to over 400 kg/inhabitant (Niger). Cereal self-sufficiency is only achieved by Burkina Faso, Mali and Niger which produce more than 250 kg/inhabitant/year, threshold set by the FAO and widely accepted (Fusillier, 1995). Senegal and Nigeria, the richest countries in the five countries, have the lowest values below 100 kg/inhabitant. If we analyse the importation of maize in using FAO Stat data (http://www.fao.org/faostat/), Senegal and Nigeria import many cereals compared to the other countries where the importation is very limited and the population consums the national production.
The constant population scenario (Figure 3 A) is only a projection reflecting trends in the impact of climate change on per capita production. Total production (maize, millet and sorghum) is analyzed by multiplying the yield of each cereal by the area of each (given by the average of the FAO stat between 2008 and 2017) . We then obtain a weighted average (by area) of the evolution of yields. Since the changes in yields for all cereals are essentially the same, we obtain changes in cereal production by country similar to changes in yields.As The cultivated area is fixed to 2008-2017 level, we obtain a . Trends observed for the RCP2.6 (green), historical period and 2041-2060 period are: a stable median for Nigeria and Senegal, a decreases by 35 kg per capita for Burkina Faso and Mali and an increases by about 20 kg per capita for Niger. With the RCP8.5 (in blue), the median of the total production for Burkina Faso(-50 kg per capita), Mali (-60 kg per capita), Nigeria (-15 kg per capita) and Senegal (-15 kg per capita). Only Niger obtain a gain in median production with the RCP8.5 (+10 kg per capita). Finally on Figure 3 A, in violet, the evolution of RCP8.5[CO2]a scenario is showed. For Mali, Nigeria and Senegal, the results are similar to the RCP2.6. For Burkina Faso, the median production is the same as the historical production at 225 kg per capita. For Niger, a light increase is obtained in comparaison with the RCP2.6 and the RCP8.5 without [CO2]a effect. 
In a second time, we analyse the impacts of the population growth with a “low” scenario (Figure 3 B) and an “high” scenario (Figure 3 C). The variability between the different climate scenarios (RCP2.6, RCP8.5 and RCP8.5[CO2]a) is very negligible compared to the impact of demography on the number of kg per capita in 2050. The same trends between climate scenario are observed for both population scenarios, with a larger decline of about 10% for the high population growth. With the exception of Mali (for the “low” demographic evolution), no country reaches 100 kg per capita. Mali obtains the best results with about 100 kg per capita for the “low” evolution and 75 kg per capita for the “high” evolution. For the Burkina Faso, there are between 50 and 100 kg per capita. For Nigeria and Senegal, the number of kg per capita is divided by approximately 2, reaching 50 kg per capita for the first and 25 kg per capita for the second. In Mali  Finally, Niger, given its demographic dynamics, suffers the most from the drop in kg of cereals per capita divided by about 5 compared to the results with a constant population to reach around 60 kg per capita.
When the demographic evolution are taken into account, the results are similar between climatic scenarios : the losses of kg per capita is generalized for all scenarios with the low and high population trend and show that for 2050, the problem is more related to demographic pressure than to the evolution of agronomic yields.
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Figure 3 - Change in terms of kg of cereals (sum of maize, millet and sorghum) per capita with constant population scenarion (A), low population scenario (B) and high population scenario (C) for the 5 countries. The boxplot represents the results from 16 models with the average of historical run from 1986 to 2005 (red and always historical population), rcp2.6 (green), rcp8.5 without [CO2] (cyan) and rcp8.5 with [CO2] (violet) run from 2041 to 2060. The black line on each boxplot represents the median and the grey/white line the threshold of 250 kg per capita.
4. Discussion
This study aims to assess the capacity of countries to feed their own population in the near future (in 30 years in 2050), on five contrasting countries in West Africa. This study analyze and integrates the impacts of futur trends in three main themes for nutrition satisfaction per capita: climate change, crops yield and population growth.. The discussion addresses within these three themes the strengths as well as the uncertainties or limits.
Uncertainty on the crops yield in view of climate constraint 
Uncertities in climat change modelisation is highest in this part of the world, mainly for the precipitation in West Africa: the inter model variability is maximum for precipitation with respect to temperature and radiation. Across West Africa, several studies show that for the RCP8.5 scenario, the response of the models can vary from -20% to + 40% of precipitation in 2050 (Adeniyi, 2016; Christensen et al., 2013; Rowell et al., 2016). However, these differences are accompanied by intra-regional variation. For example Biasutti (2013), showed that, according to the CMIP5 models, there was generally an increase in precipitation in the Eastern Sahel and a decrease in the Western Sahel which was accompanied by less abundant precipitation at the beginning of the monsoon season and more abundant at the end of the season (Biasutti and Sobel, 2009). Monerie et al. (2016)  generalized this by producing cluster of CMIP5 models, grouping them into 4 groups. Our results in 2050 reproduce his observations with, for example, a majority of the models (3 out of 4 groups at Monerie) which predict a sharp drop in precipitation in Senegal.
The CO2 effects on the crops yield
Taking into account the increase of [CO2]a in the yield simulations by the SARRA-O crop model, by an improvement of this yield, for the plants in C4, in the situations of hydric constraints (Durand et al., 2018; Kellner et al., 2019; Manderscheid et al., 2014; Sultan et al., 2019b). The most notable point is that this consideration in the RCP8.5[CO2]a scenario has significantly reduced the negative impact of reduced rainfall to near negative impacts predicted by the RCP2.6 scenario.
Our results showed that the increase in [CO2]a, mainly in the arid zone, will have a beneficial effect on the crop yields of the three cereals studied and would make it possible to eliminate the yield decrease estimated by climate change without taking into account the [CO2]a effect in the processes. Among other things, [CO2]a will reduce plant transpiration, thus reducing the effects of water stress on crop yields as showed by FACE experience (Manderscheid et al., 2014). Our increase of crops yield is greater than the FACE experience that was mainly performed in temperate and non-tropical or arid environments where there was no water stress. The results of this study are consistent with other studies. Indeed several studies like Deryng et al. (2016) note a dependence of the environment on the [CO2]a effect. These authors also demonstrate that the [CO2]a effect will be more beneficial in areas with water deficits such as in the Sahel.
In the SARRA-O crop model processes, only the impact of [CO2]a on transpiration is taken into account, for C4 plants, through the correction of the evapotranspirative demand ETo according to the [CO2]a level. This relationship has been verified with experiments in controlled environments and field experiments with [CO2]a levels above 550 ppm, for higher levels the relationship is less stable and above all raises the question of the impact of excessively high temperature. Despite this simple approach the results of SARRA-O are comparable with the other results in  Durand et al. (2018).
The processes involved in the [CO2]a effect is still a subject of study and the processes implemented can be strongly disturbed by the increase in temperature which is correlated with the increase of [CO2]a and therefore on the applied correlation within the SARRA-O model. Nevertheless in the range of concentration increase (+140 ppm in 2050 in comparison to current level) and in correlation of the increase of the temperature (from + 1.5°C to +2 °C with respect to current temperature) these disturbances seem limited.
Impacts on population and adaptation
Our study shows that the demographic growth, is the predominant factor on decreasing food availability per capita; more than the evolution of yields. If no change is maked on the agronomic system, for all climate scenarios and despite the increase in [CO2]a and these positive effects on yield in arid environments, it is currently not possible to absorb population growth by 2050. The ratio crops production/capita could provoke population displacement as historically during the 1970s in the Sahel where the consequences of the severe drought were mainly the migrations from the North to the South (Caldwell, 1975) and to the cities (Afolayan and Adelekan, 1999). In the future, the kilogramme per capita could be lower than our estimate because the number of people could be less important by decreasing of birth rate or people migration (Ezra, 2001).  
In West Africa, there is a yieldgap between current farm production and the potential yields that could be achieved. This would require removing technological barriers by transferring technology (Tian and Yu, 2019). However, several studies including trick shows that filling the yieldgap would not be enough and that it would also be necessary to make crop expansions (Ittersum et al., 2016). To study the link between current yields and the agronomic potential obtained using new technologies, the adaptation techniques to increase the crops yield and the expension of the culture area could be a solution that could be roughly estimated by a simple approach. The baseline production given by corrected results of SARRA-O in 2041-2060 is multiplied by a factor 1.2 (corresponds to an increasing of yield by 20%), 1.5 (increasing of yield by 50%), 1.44 (increasing of yield by 20% and cultivated area by 20%) or 1.8 (increasing of yield by 50% and cultivated area by 20%). The 20% increase of yield corresponds to the average gain obtained by Challinor et al (2014) in a meta-analysis on the potential gains of adaptation in the 21st century. For the 50% increase, Lebel et al (2015) show that this target is possible for maize. For Sultan et al (2013), this is a potential increase for sorghum but should currently be limited to 30% (Sultan et al., 2014). The gain could then also occur through better fertilization (Turner and Rao, 2013) but would increase the climate risk on the culture (Guan et al., 2017). The 50% gain is therefore a high limit that would be possible by combining several adaptation techniques including the management of soil moisture and irrigation (Oweis and Hachum, 2009). 
For the expansion of agricultural land to increase production, a threshold of 20% maximum seems consistent with the observations of Ittersum et al (2016) which indicate that the margin of progression is low. The causes are diverse but we can quote for West Africa the competition with the urbanization (Bren et al., 2017), the conversion of forest into arable land and the cost (Chamberlin et al., 2015). Moreover for some countries the maximum capacity (Nigeria) of cropland is already almost reached (Ittersum et al 2016). For the low population scenario with the RCP8.5[CO2]a, the best results are obtained by the Mali with an increase of the kg per capita reach 175 kg per capita in the case of an increase in yields of 50% and an increase of 20%. The Burkina Faso is second with a median at 160 kg per capital with the same adaptation. The Nigeria and especially the Senegal have the least progress due to the worst yield evolution with RCP8.5[CO2]a. Finally, for the Niger, the increase in agricultural production is very insufficient to counter the strong demographic evolution even in the low scenario. With the high population scenario, the number of kg per capita can reach a weakening of  30 kg per capita for Mali in comparison with the low scenario and a limited weakening for Nigeria and Senegal with 15 kg per capita. In all cases, there is no way to reach 250 kg per inhabitant for all the countries, whether for a demographic change corresponding to the low or high scenario of the UN. With adaptation techniques, yield forecasts and areas usable for agriculture, there is currently no way to contain the gain of population.
Conclusion
The use of 16 global circulation models leads to different trends of rainfall under RCP2.6 scenario and mostly RCP8.5 scenario as Biasutti (2013) and Rowell et al. (2016) which showed an increase of precipitation in the Eastern Sahel area and a more nuanced result in the Western Sahel area. These climatic change impacts the evolution of maize, millet and sorghum yield. However, with the RCP8.5, the evolution is not clear and we have some difference between maize on the one hand and the millet and sorghum on the other hand due to the difference of the optimal temperature for the phenology development that is less high by two degrees for maize in comparison with millet and sorghum. The results are similar with the different studies presented in Knox et al (2012). However, taking into account the effects of [CO2]a increase crops yield in all countries, especially when you are under water stress as in Niger. The effect is most significant for maize, which is increasing of the median yield by about 30% in Burkina Faso and Niger, in Senegal and Nigeria, the increase is more moderate and the crop yield are comparable with RCP2.6 scenario. For millet and sorghum, the same consequences are visible but less marked. 
Despite these results, the total crops country production per capita decreases for the five countries (Burkina Faso, Nigeria, Niger, Senegal and Mali) in relation to the UN population scenarios. These values decrease from 60% to 80% with the highest population growth scenario under RCP8.5[CO2]a. If the scenario of lowest population growth is considered, the decline is reduced by a few percent and therefore remain very important. Above all, it should be noted that this production is well below the minimum recommended threshold to meet the population's energy needs. 
We found that demographic trends play the largest role in the first half of the 21st century in the assessment of hotspots of climate change impacts in the region. Indeed if projections trends  for the five countries could experience a more favourable climate for agriculture, with more rainfall, the population is projected to increase more rapidly (as in Niger) and the number of people threatened by climate change will be greater in this region. To support the increase of the populations in West Africa, we discussed 4 hypothesis of adaptations: the increase of the yields fixed to 20% or 50% with or without an extension of the culture area by 20%. The gain of crop yield could be reach with different techniques of adaptations as irrigation or resistant plants, and the combination both. Despite the gains that we could achieve for yields, the demographic dynamics of the five countries tested is too strong, even for the Low scenario. Obviously, in the future, with current agricultural adaptation techniques, climatic change and particularly the population increase in West Africa will lead to difficulty for food safety and a rise in local and international migrations (McLeman and Hunter, 2010; Missirian and Schlenker, 2017). However, to estimate the migration with the relation between the crop yield evolution and the demography is a challenging task and to our knowledge, very few studies exists e.g. Feng et al (2010) et Van der Geest (2011).
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