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Abstract. The ability of a country or region to feed itself in the upcagndecades is a question of importance. The population
in West Africa is expected to increase significantly in thatrg0 years. The responses of food crops to short term climate
change is therefore critical to the population at large &eddecision makers tasked with providing food for their geopn
ensemble of near term climate projections are used to sienmiaize, millet and sorghum in West Africa in the recentdrist

and near term future.

The mean yields are not expected to alter significantly, evthiere is an increase in inter annual variability. This éase
in variability increases the likelihood of crop failureshieh are defined as yield negative anomalies beyond oneathnd
deviation during a period of 20 years. The increasing vdiiglincreases the frequency and intensity of crop faifuaeross
West Africa. The mean return frequency between mild maio@ €ailures from process based crop models increases from
once every 6.8 years to once every 4.5 years. The mean rgngrfrequency for severe crop failures (beyond 1.5 standard
deviations) also almost doubles from once every 16.5 yeavadte every 8.5 years.

Two adaptation responses to climate change, the adoptibeatfresistant cultivars and the use of captured rainvisates
been investigated using one crop model in an idealisedtsgtysiest. The generalised adoption of a cultivar resista high
temperature stress during flowering is shown to be more lmalethan using rainwater harvesting by both increasingdgie
and the return frequency of crop failures.

Copyright statement. TEXT

1 Introduction

The densely populated region of West Africa has been idedtds a region vulnerable to climate change impacts, froftsshi

in the monsoon system to desertification. The global clinmfgrojected to pass 1.5 K above the pre-industrial control i
the coming decades. The arrival and strength of the Westa@irmonsoon is a key component of the cropping system as it
provides much of the water used in the growing season. Thertaiaty in how the monsoon will respond to climate change
is therefore of high importance, which requires the use afentiean one climate model when studying impacts. Studies hav
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shown that the monsoon may start later in the year in WestAfnnder climate change, this in turn exposes the crops to the
summer months when temperatures are higher (Biasutti abel S2009; Sultan et al., 2014). Temperatures and rainfall a
not the only drivers of crop yield that are expected to chatiggre are also possible changes in fertiliser deploymeahtiaus
nutrient availability as well as farmers adaptation, ehgotigh irrigation of planting heat or drought resistantetis in the
case of dryer and warmer conditions. Another factor is tlieeiase in ambient carbon dioxide concentrations and threref
the potential carbon dioxide fertilisation of yields (Bexgal., 2013). This is primarily for C3 plants, the carboxida of

C4 plants is insensitive to carbon dioxide but carbon diexidpacts maize development through stomatal closure ahd so
moisture conservation.

To maintain current levels of food intake the crop yields iestVAfrica will need increase in step with the increasing
population. However current trends in African agricultare not sufficient to provide this yield increase and shedaaye
therefore to be expected even without the adverse effeciinedite change (Ray et al., 2013).

There have been multiple studies investigating the futfireaize, millet and sorghum yields in West Africa. In mostesas
the crop yields are expected to decrease with climate chamg¢hat several growing regions may no longer be viableén th
upcoming decades (Jones and Thornton, 2003). A meta-#&nalyS2 studies for several crops shows reductions in Africa
yield of 5%, 10% and 15% for maize, millet and sorghum respelyt (Knox et al., 2012). The reduction in yields in Africa
under climate change is further supported by the meta-asisaly Roudier et al. (2011) where multiple crops were shown
to experience decreases in yield. One process which iresgasld is the carbon dioxide fertilisation effect, howeitehas
also been shown the nutritional quality of the resultanpsr lower than in an atmosphere with current carbon dioxide
concentrations (Roudier et al., 2011). Much of the areaectlly used to grow maize in West Africa is also predicted to be
unsuitable in the long term, with only 59.8% of the curremtjtivated area predicted to be viable in 2100. Of the lokhated
area, 40% can be used to grow sorghum or millets which aredraodheat and drought stresses, however the remaining 60%
has no suitable alternative (Rippke et al., 2016). The tralfel sorghum growing areas however are not predicted tersasf
much as maize. Many of the above mentioned studies use elipnajections that find high warming levels at the end of the
century.

The expected change in yield for maize was also calculatpdrasf a meta analysis where the response of maize to increas
ing temperatures with and without adaptation methods waestigated. Tropical maize was found to experience a deatin
yields as temperatures increase for both studies with atitbuti adaptation (Challinor et al., 2014). There are midtypten-
tial adaptation methods to ameliorate the impacts of cknstinge, a non-exhaustive list contains, intercroppimanging the
variety or species grown, use of fertilisers and crop roteto replenish nutrients in the soil. Several adaptatiothous for
sorghum were investigated in Guan et al. (2017) using twp orodels. The proposed adaptation methods included ct@ngin
the planting date, rainwater capture and re-use and iringeessilience to high temperature stress during flowermgrgst
others. The results in Guan et al. (2017) show that growimgtias with high temperature stress resistance duringeflow is
of more benefit in the future climate than rainwater harmgstSorghum yields are expected to decrease with climategeha
and while carbon dioxide fertilisation will ameliorate semwf the losses, it will not eliminate them (Sultan et al.,£01astly,
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for millet a model analysis produced an expected reductioyields of 6% across two scenarios from CMIP3 (Berg et al.,
2013).

In this paper we use four crop models simulating three cropiscaiven by meteorological outputs from several regional
climate models. Three crops have been selected for thiysisamaize, sorghum and millet. They are a staple foods over
much of West Africa and an important source of many nutriehkte aim of this paper is to identify and quantify some of
the sources of uncertainty in the West African agricultgragdtem as the global climate passes 1.5 K above the pretifedus
control. This study makes use of newly available input dedenfCORDEX-Africa to differentiate from previous works. érie
are several possible responses to the increasing tempesand altered precipitation regimes: these include miodjfthe
planting window, using a new variety of a crop or changingdiap entirely. The use of two adaptation methods to mitigate
the impacts of climate change has been investigated. Thed®ds include an idealised crop which is resistant to hests
during flowering and rainwater harvesting. A global tempaeincrease of 1.5 K is drawing closer, with annual average
carbon dioxide levels above 400 ppm in 2016.

2 Methods
2.1 Meteorological data

The input data for the crop models in this study was providegat of the CORDEX-Africa project (Nikulin et al., 2012).
CORDEX-Africa uses a selection of CMIP5 Global Climate Misd&CMs) to drive a number of Regional Climate Models
(RCMs). The simulations used in this study are based on CMif&lations of a high emission, low adaptation future ctiena
where the radiative forcing at the end of the'2dentury is +8.5 Wm? (Taylor et al., 2011; Meinshausen et al., 2011). The
outputs from CORDEX-Africa were bias corrected as part ef HELIX project using multisegment statistical bias cofrec
tion (Grillakis et al., 2013; Papadimitriou et al., 2015heTobservations used to bias correct the CORDEX-Africa kitimns
was the WATCH-Forcing-Data-ERA-Interim: WFDEI (Weedon kf 2014) record. The bias corrected CORDEX-Africa data
was provided at a horizontal resolution of 24hd at a temporal resolution of one day.

An ensemble of 10 GCMs and four RCMs were used as inputs torogafels and a total of 16 GCM-RCM combinations
were utilised. None of the GCMs were used to drive all of theVR@nd of the RCMs, only RCA4 was used with every GCM.
A table of the GCM-RCM combinations used is shown in Table e Tontrol time slice for the experiment was 1986-2005
corresponding to the final 20 years of the CMIP5 historic $ations. The future time slice was taken as the 30 year period
where the global average temperature was closest to 1.5%dhe pre-industrial control of 1870-1899. The time sliossd
for this experiment and the mean time slices weighted by BfiMs and RCMs are shown in Table 2. The crop models
that simulate carbon dioxide fertilisation also use thdoardioxide concentrations as inputs for the future clinsatnarios
reached by each GCM when warming reaches 1.5 K. Thus, becdulferent transient climate responses of the GCMs,
the crop models are exposed to a different carbon dioxideergrations for each GCM climate forcing. Our choice of not
normalizing the carbon dioxide levels for simulating croglgs is justified because we want to capture the full unoestaf
West African yield responses to both regional climate antall carbon dioxide conditions in a 1.5K warmer world.
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2.2 Crop models

Four different crop models were used in this study, the Globege Area Model for annual crops (GLAM) (Challinor et al.,
2004), ORCHIDEE-Crop (Wu et al., 2016) which is the crop $ieeersion of the ORganizing Carbon and Hydrology in
Dynamic EcosystEms (ORCHIDEE) land surface model (Krirateal., 2005), System of Agroclimatological Regional Risk
Analysis Version H (Sarra-H) (Kouressy et al., 2008) andreesef generalised linear models (Lobell and Burke, 20B0}h
GLAM and ORCHIDEE-Crop were used to simulate maize, Sarantithe generalised linear models were used to simulate

maize, sorghum and millet. Descriptions of each crop modelbz found in the Supplemental material.
2.3 Agronomic data

The crop model’s output were all analysed against theiitahd reproduce observed crop yields and variability. Thdded
input crop data for maize was taken from a dataset built fratellte observations combined with yields reported byRbed

and Agriculture Organization of the United Nations (FAOAQSTAT, 2014; lizumi et al., 2014; lizumi and Ramankutty,
2016). The millet and sorghum data were country level datmn fthe Food and Agriculture Organization of the United Na-
tions (FAO) (FAOSTAT, 2014). The cultivated areas for maizgllet and sorghum were defined by regridding the results
from Monfreda et al. (2008) on the meteorological grid. Tevant the results being swamped by signals from grid cells
with low cultivated area (Challinor et al., 2015), any griellavith less than 1% coverage of each crop type of interest wa

eliminated.

3 Reaults
3.1 Crop model results

The four crop models were driven using the outputs of the liias corrected CORDEX-Africa RCM simulations as listed in
table 1. The CORDEX-Africa simulations were driven by tenNBCas part of CMIP5. We present the first use of these data
for a specific warming level of 1.5 K above the pre-industciathtrol.

The results in Figures 1, 2 show the multi-model mean maiele ydnd yield interannual variability (hereafter 1AV) resp
tively. The+ and- symbols show grid cells where three of the four crop modeteawith the sign of the response for the
multi-model GCM-RCM mean, where shows an increase ancgshows a decrease. The model agreement is high in Cote
d’'lvoire and Ghana but there is a spread of positive and negamhpacts across Nigeria. The potential increases irdyiel
Coéte d’lvoire and Nigeria are also associated with to ingesan IAV as shown in Figure 2. The millet results are shown
in Sl Figures 1 and 2 where a dipole can be seen in the yiel®nssyp the yield increases in northern Nigeria and southern
Niger, however to the West in Burkina Faso and Mali there igerelse in yields. The dipole is not as significant in the 1AV
results with increases in 1AV in Niger, Nigeria and Burkirase. The IAV is reduced in Mali along with the yield. The stgb
Sorghum results (S| Figures 3 and 4) present a smaller dgftdet that has positive yield change in Niger and a negative
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yield change over much of West Africa. Where the yield incesan Niger the 1AV also increases which is expected to cause
problems for food security.

The multimodel ensemble mean yields for the control andréutime slices are calculated for each crop model and plotted
against the observations in Figure 3. Of the process basddImGLAM and Sarra-H are closest to the observed yieldsedser
ORCHIDEE-Crop is further away. The linear models by desigiain the observed yields. The future climate responses for
GLAM and Sarra-H are limited however ORCHIDEE-Crop showsrargy reduction in yields. Sarra-H and the linear models
show an increase in yields at +1.5 K. The control simulatiag temperatures that are 0.7 K above the pre-industriataipnt
therefore the temperature difference experienced by thesds 0.8 K. The maize yield reductions are less than 2 kglha f
GLAM, 84 kg/ha for ORCHIDEE, whereas Sarra-H increases byiad 20 kg/ha and the linear models increase by 62 kg/ha.
In percentage terms these are less than 1% for GLAM, 5.7% RCKIDEE and increases of 1.6% for Sarra-H and 5.3%
for the linear models. The responses for most models ardentizhn those found in the meta analysis by Knox et al. (2012)
however this study is not projected as far into the futuree Tdur different model results presented are within the eaoig
results from Challinor et al. (2014).

The multimodel ensemble yield results contain two sourdasoertainty, the inter annual variability (IAV) and therisa
ability across the meteorological input datasets. Thelteor the 1AV are shown in Figures 4. The results in Figuréndvg
that ORCHIDEE-Crop has the most skill in reproducing theepbsd AV followed by the linear models. Both GLAM and
Sarra-H overestimate the AV for maize. Despite these wdiffees, the IAV increases for all models in the future clanat
scenario. For the process based models the AV is significkarger than the variability resulting from differencesinput
meteorological data. Both GLAM and ORCHIDEE-Crop showdittariability across the input data in the control scenario
For ORCHIDEE-Crop, GLAM and the linear models the varidbilncreases in the future climate, this is in contrast to the
results in Sarra-H.

Figures 5 and 6 show the mild and severe crop failure rate fazenin the control (20 years) and future (30 years) climate
scenarios. A mild crop failure is one standard deviatiorowethe observed yield for that grid cell, a severe crop failisr
1.5 standard deviations below the observed yield for thiatggll. GLAM slightly underestimates the mild crop failurate,
whereas ORCHIDEE-Crop and Sarra-H overestimate slightig.differences however are minor in comparison to thosedou
in the linear models. The severity of the change in mild caifufe rate varies across the process based models bugtia si
is consistent, at 1.5 K above pre-industrial there is an egpien of more crop failures. ORCHIDEE-Crop is particiyar
pessimistic with the return time between crop failuredriglfrom 6.1 years to 2.5 years per grid cell. For severe cadpres
the process based models are again more realistic thaméa linodels. The future climate results show an increassvers
crop failures, with ORCHIDEE-Crop again showing the strestgesponse.

The millet and sorghum results are shown in SI Figures 5 - h2.ifillet and sorghum analyses for three varieties simdilate
by the Sarra-H model and the linear models. The linear maatelsnore able to predict the observed yield and inter annual
variability than Sarra-H for millet and sorghum (S| FiguBe$, 9 and 10). In the millet simulations the linear modeéscose
to the observed yield whereas the Sarra-H varieties arad@igove and below the observations. Of the Sarra-H vemittee
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90 day cultivar is most capable of reproducing the obsereeghsim yields, however the yields are still about 20% too. low
The response of the 90 day cultivar to the future climate ansistent with the simulations in Sultan et al. (2014).

The three variants of Sarra-H like the linear models undienase the frequency of crop failures in the control (S| Fegl
7,8, 11 and 12). Across all three crops and all models theaia iacrease in the crop failure rate in the future climaterwhe
compared with the historic climate.

With ensembles of input data it is possible to calculate tiffei@nt uncertainty values, the IAV and the spread acrbes t
ensemble. The ratio of IAV to input data spread is shown ini§lifes 13-15 for maize, millet and sorghum. The results show
that the 1AV is always larger than the model spread. The fatithe 1AV in GLAM is much larger than for all other models,
this is due to the simulations in for the historical period3bAM being calibrated on a per model basis and thereforertgavi
a very low model spread.

The results in Tables 3, 4, 5 show the change in national yieldeach model and the multi-model mean. Countries with
fewer than 10 grid cells analysed have been omitted fromahkes. The results for maize show a spread in expected yield
changes by nation, with the Céte d’'lvoire experiencing amaase in yield and Ghana showing a decrease. Nigeriarsyield
are uncertain and the average is a very small change. ORCHID&p finds a yield reduction in all three countries, wherea
GLAM, Sarra-H and the Linear models are only negative forametry. In the future climate simulations at the 1.5 K wargni
level Burkina Faso, Mali, and Senegal all suffer a more tHandss in millet yields while Niger is predicted to experieran
increase of 3.2%. The sorghum results (Table 5) nearly a\shgw a yield reduction with climate change with the excapti
of Niger which has a small yield increase. The sorghum reshibw a 10% yield reduction for Burkina Faso, Mali and Sehega

3.2 Adaptation results

In one of the four crop models (GLAM) simulations of two idsald adaptation methods were performed. There were three
experiments, crops with a resistance to high temperatwessstiuring flowering, crops grown with rainwater harvestnd
crops resistant to high temperature stress with rainwateelsting deployed. To simulate high temperature stressta@ce the
GLAM is rerun with the high temperature stress routine diséba description of high temperature stress in floweririgusd

in Challinor et al. (2005). The rainwater harvesting systatects runoff from the crop and stores it with 50% efficigrtbe
water is deployed if the soil moisture falls below the wiifitimit for the crop. The adaptation methods are simulatelbitin

the control climate and the future climate using the apgratescribed in Lobell (2014).

The adaptation results for GLAM (Figure 7) show that rairevaiarvesting is provides a smaller increase in yields in
the global 1.5 K warmer climate than in the historic climafbe results for the return time between crop failures show an
improvement in the control climate that is greater than mfthture climate. In contrast the high temperature stresistest
crops show a benefit in both cases and a larger benefit in faliomates. The return time between crop failures also irsea
more in future climates. However when combined with rairewéiarvesting, high temperature stress resistance haslieisma
relative improvement than when it is deployed in isolatibhe maize results from GLAM presented here agree show simila
responses to the sorghum results in Guan et al. (2017) whgrédmperature stress resistance is more important tiamater
harvesting.
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4 Discussion

The results in Figure 3, Sl Figures 5 and 9, show that as thmgtdimate warms through 1.5 K the yield response is unierta
For maize, GLAM and ORCHIDEE-Crop simulate a reduction ielgs. Across all crops and models the largest reduction is
16.5% for Sarra-H 90 day sorghum. The largest increase rdféar the linear models and is 5.3% for maize. This range of
results is within the range found for tropical maize in Cimali et al. (2014).

ORCHIDEE-Crop is successful at replicating the observaddAd does not suffer from spread from the input data, however
the mean yield results do show a significant bias. The ORCHHOIEop results show the greatest increase in crop failuee ra
with crop failures occurring once every 2.5 years in theritlimate scenarios. The crop failure rates for GLAM and&at
are similar with future failures happening every 6 and 5 geaspectively. The linear models consistently underedérthe
crop failure rate and this is one of their weaknesses. Thétseis Figures 5 and 6 show consistency across all threeepsoc
based models and therefore should be treated with confidence

The varieties of Sarra-H are unable to replicate the obdeyiadds for the millet and sorghum analyses and mis-esémat
the yield by several hundred kg/ha (S| Figures 5 and 9). Thp failure rate is defined by the model yield and the Sarra-H
simulations all underestimate the crop failure rate. Theyhdwever all find a relative increase in crop failure rateutufe
climates for both millet and sorghum.

The adaptation methods tested in GLAM for maize are shownidnrE 7 and show that rainwater harvesting is not an

effective adaptation method. The higher rainfall in futalienates reduces the likelihood of water limiting the crapwth.
The high temperature stress adaptation is a more efficiaptation and provides a benefit in the future climate. Thelsoeud
HTS resistant and rainwater harvesting adapted crop iofess adaptation than solely HTS resistant crop. Therefotbe
case of limited resources it is better decision to explor&Hhasistance than building systems to capture runoff, épeas
the systems require substantial investment to constructeintain.

The changes in national yields is a cause for concern as itlisdecumented that populations in West Africa are expected
to increase quickly in the 21 century. Crop yields need to double by 2050 to feed the ptipnléRay et al., 2013), whereas
the largest increase found in this study is millet in Niger+8t20%. The mean yield changes are not the only message,
in many cases where the mean yield increase there is an aaoging increase in 1AV. The increase in 1AV means that
yield are more uncertain and there is an increasingly hiked of crop failures. The reductions in yields on natioeakls
indicate a need for new breeds of crop or changing speciaslgnhowever the rate of deployment of new breeds in Afigca
slow (Challinor et al., 2016).

5 Conclusions

Four crop models of varying design and complexity have besead tio project crop yields across West Africa for three crops
as global temperatures reach 1.5 K above the pre-indugviels. The crops models were driven by the outputs of fouMRC
which were in turn driven by 10 GCMs. The crop models showediiffg levels of skill at reproducing the yield and variatlili
found in the observed record. The process based modelslarmaivedict the crop failure rate for maize with moderatiél.sk
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The varieties of crop simulated by Sarra-H for millet andgboim are less able to replicate observations than the Imedels,

but they are more capable for the crop failures. This stutlynised by the number of crop models used, in particular arig
process based model was used to millet and sorghum. The bsesaforrected RCMs to provide input data removes some of
the problems associated with GCM data. The large size of tilde('50km) prevents the formation of true convective storms
and therefore the intensity of the weather is likely to bearedtimated (Garcia-Carreras et al., 2015).

The crop yields and percentage changes in yield were céécufar several West Africa countries. The yield changes are
not consistent across national borders and some natioesjaeeted to lose more than others. The yield gains predieegin
need to be considered as part of longer term trends that shawesyield reductions as the 2%stentury progresses. As global
temperatures approach 1.5 K above the pre-industrialdetred knowledge of the most effective adaptation methodsrhes
critical and therefore it is of high importance to developdals capable of simulating them.

The results from this study show that for several crops thammgeld may not change much, however the increase in
variability is likely to result in an increase in crop faikg. The average crop yield responses are sometimes negadiveone
are positive enough to increase yields sufficiently to pnef@od shortages.

Data availability. The input data for the crop models is part of the HELIX project and isecully under embargo. Upon the expiration of
the embargo the data will be made available by the HELIX project. Contawniaftion is at https://www.helixclimate.eu/contact/ . The yield
data output for the crop models can be found at https://doi.pangada d&J4/PANGAEA.876579

Author contributions. BP acquired the data and performed the simulations in GLAM, ORCHIDEi#p-@nd the Linear models. DD ran the
Sarra-H simulations. XW provided technical support for ORCHIDE®BfC All authors contributed to the manuscript.
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Figure 1. Multi model mean change in maize yield between control and future cline@sWest Africa in a world 1.5 K warmer than
pre-industrial. Where + indicates three crop models agree the chandmitisitive and indicates three crop models agree the change will
be negative. Sarra-H indicates the model simulating the 90 day variamdiaé.
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Figure 2. Multi model mean change in maize IAV between control and future climatesr West Africa in a world 1.5 K warmer than
pre-industrial. Where + indicates three crop models agree the chandmitisitive and indicates three crop models agree the change will
be negative. Sarra-H indicates the model simulating the 90 day variamdiaé.
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Figure 3. Heatmap of maize yields for four models for the control time period arddsak.
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Figure 4. Heatmap of inter annual variability of maize yields for four models for tvetil time period and at 1.5 K.
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Figure 5. Heatmap of mild crop failure rate of maize for four models for the corinod period and at 1.5 K.
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Figure 6. Heatmap of severe crop failure rate of maize for four models for theraitime period and at 1.5 K.
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Figure 7. Efficacy of adaptation methods for maize in GLAM. Where circles showmgeld, crosses and stars show average number of
years between mild and severe crop failures respectively. HTS is higbetature stress adapted crops, Rw H shows crops with rainwater
harvesting, HTS & Rw H shows both adaptation methods in use.
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Table 1. GCMs and RCMs wher& indicates a RCM-GCM combination used in this study. The RCM descriptioerpagre as fol-
lows: RCA4 (Chylek et al., 2011), RACMO22T (van Meijgaard et al.080 HIRHAMS5 (Christensen et al., 2006). The GCM decrip-
tion papers are as follows: CNRM-CM5 (Voldoire et al., 2013), CM5/&NMDufresne et al., 2013), CSIRO-Mk3.6.0 (Rotstayn et al.,
2012), NOAA-GFDL-CM3 (Griffies et al., 2011), MOHC-HadGEMZHJones et al., 2011), ICHEC-EC-EARTH (Hazeleger et al., 2012)
MIROCS5 (Watanabe et al., 2010), MPI-ESM-LR (Raddatz et al., 2008rESM (Bentsen et al., 2013).

RCA4 | CCLM4.8.17 | RACMO22T | HIRHAMS

CanESM2
CNRM-CM5
CM5A-MR
CSIRO-Mk3.6.0
NOAA-GFDL-CM3
MOHC-HadGEM2-ES
ICHEC-EC-EARTH
MIROC5
MPI-ESM-LR
NorESM

x

X X X X X X X X X
X
x
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Table 2. GCM time slices at +1.5 K and their corresponding carbon dioxide carat@ms.

Time (years)| CO; (ppm)
CanESM2 2000-2029 402.8
CNRM-CM5A 2016-2045 453.5
CM5A-MR 2002-2031 408.2
CSIRO-Mk3.6.0 2018-2047 461.2
NOAA-GFDL-CM3 2020-2049 469.3
MOHC-HadGEM2-ES| 2009-2038 429.1
ICHEC-EC-EARTH 2006-2035 419.7
MIROC5 2018-2047 461.2
MPI-ESM-LR 2004-2033 413.9
NorESM 2018-2047 461.2
GCM Mean 2011-2040 438.0
RCM Mean 2010-2039 434.1
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Table 3. Percentage maize yield change by country. The number of grid cellsséni in brackets and countries where fewer than 10 grid
cells were analysed have been omitted. The fraction of West Africanenpaaduction for the year 2005 from the Food and Agriculture
Organization of the United Nations (FAO) (FAOSTAT, 2014) is shown in tgletmost column.

Country GLAM ORCHIDEE-Crop Sarra-H Linear model# Multi model mean| Production fraction
Céte d'lvoire (13) 3.65 -3.95 9.05 1.3 2.52 5.52%
Ghana (11) 1.34 -6.82 -3.60 -0.2 -2.33 10.09%
Nigeria (120) -0.86 -6.11 191 5.2 0.03 51.34%
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Table 4. Percentage millet yield change by country.The number of grid cells sisalyin brackets and countries where fewer than 10 grid
cells were analysed have been omitted. The fraction of West African miltetuction for the year 2005 from the Food and Agriculture
Organization of the United Nations (FAO) (FAOSTAT, 2014) is shown in thletmost column.

Country Sarra-H 90 Sarra-H 120 Sarra-HPP  Linear moo*ellsrlulti model mean| Production fraction
Burkina Faso (93) -4.21 -12.44 -7.47 0.6 -5.86 8.83%
Chad (24) 11.31 2.42 -1.72 -5.0 0.53 -

Céte d’'lvoire (11) 2.1 0.97 -4.17 3.6 0.63 0.26%
Ghana (10) -1.16 -4.78 -5.08 8.3 -0.77 1.37%
Mali (94) -1.6 -16.79 -17.78 3.8 -8.08 8.55%
Niger (114) 11.95 -1.56 -1.8 4. 3.2 19.59%
Nigeria (232) 7.24 -3.53 -2.44 15 0.71 52.93%
Senegal (40) 5.52 -12.32 -16.22 1.6 -5.35 4.49%
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Table5. Percentage sorghum yield change by country. The number of gricheellgsis is in brackets and countries where fewer than 10 grid
cells were analysed have been omitted. The fraction of West Africaynsor production for the year 2005 from the Food and Agriculture
Organization of the United Nations (FAO) (FAOSTAT, 2014) is shown in thletmost column.

Country Sarra-H90 Sarra-H 120 Sarra-H PP Linear moquuIti model mean| Production fraction
Benin (20) -10.55 -18.52 -1.25 -0.3 -7.05 1.27%
Burkina Faso (102) -11.4 -19.63 -1.62 -7.5 -10.04 11.63%
Cameroon (65) -10.87 -17.98 -1.51 1.3 -7.25 -

Chad (28) -3.63 -16.55 -0.36 -3.6 -6.06 -

Ghana (28) -7.66 -9.69 1.37 -1.9 -4.48 2.28%
Mali (93) -9.42 -23.5 -9.5 1.6 -10.18 4.71%
Mauritania (11) -7.54 -14.16 -8.33 11.2 -4.69 0.61%
Niger (94) 9.98 -7.9 2.63 -2.1 0.65 7.07%
Nigeria (313) -2.7 -14.92 1.51 -0.2 -4.1 68.72%
Senegal (19) -7.29 -16.62 -15.56 -3. -10.79 1.08%
Togo (16) -6.02 -9.87 2.84 -2.6 -3.93 1.54%
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