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Abstract: The future climate is projected to change rapidly with potentially severe consequences
for global food security. This study aims to improve the understanding of future changes in the
suitability of crop growth conditions. It proposes a definition of crop realization, of the climate
departure from recent historical variability, or crop—climate departure. Four statistically downscaled
and bias-corrected Global Climate Models (GCMs): CCCMA, CNRM5, NOAA-GFDL, and MIROC5
performed simulations for the period 1960-2100 under the Representative Concentration Pathway
RCP8.5 scenario to compute 20 year moving averages at 5-year increments. These were used to drive
a crop suitability model, Ecocrop, for eight different crops across the three Food and Agriculture
Organizations (FAO) AgroEcological Zones (AEZs) of West Africa (Guinea, Sahel, and Savanna).
Simulations using historical climate data found that all crops except maize had a suitability index
value (SIV) >0.50 outside the Sahel region, equivalent to conditions being suitable or strongly suitable.
Simulations of future climate reveal that warming is projected to constrain crop growth suitability
for cassava and pineapple in the Guinea zone. A potential for the northward expansion of maize is
projected by the end of the century, suggesting a future opportunity for its growth in the southern
Sahel zone. Crop growth conditions for mango and pearl millet remain suitable across all three AEZs.
In general, crops in the Savanna AEZ are the most sensitive to the projected changes in climate. The
changes in the crop—climate relationship suggests a future constraint in crop suitability, which could
be detrimental to future food security in West Africa. Further studies to explore associated short- and
long-term adaptation options are recommended.

Keywords: climate-departure; crop—climate departure; crop suitability; Ecocrop; food security;
West Africa

1. Introduction

The livelihood and economies of most Sub Saharan African (SSA) countries are driven by rainfed
agriculture [1-3]. About 96% of agricultural lands in SSA are rainfed [1,4]. Agriculture employs over
65% of the active labour force of the region, the majority of whom are practicing subsistence rainfed
farming [5]. The agricultural sector is also responsible for 75% of SSA domestic trade [6,7]. It adds
significantly to the economy of the region by contributing up to 15-20% to the Gross Domestic Product
(GDP) [1,4,8,9]. In 2000, about 80% of the cereals consumed in SSA were domestically produced
locally [4]. However, West Africa has been identified as one of the most vulnerable regions of the world
owing to its low adaptive capacity and a fast-growing population, with many citizens whom are faced
with malnourishment [1,10-12]. An adverse change in the climate over West Africa, both spatially and
temporally, coupled with inadequate institutional and economic capacity to cope or adapt to its impact
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could become a determinant threat to agricultural production. Thus, food security and socio-economic
activities across the region may be affected [13-17].

Climate strongly affects rainfed agriculture with direct consequences on food security [18-20].
This has resulted in different studies focusing on the response of crops and agriculture to the impact of
increased greenhouse gas emissions across different regions of SSA owing to malnutrition and the
need to improve food security [1,11,20-22]. Extreme changes in climate are projected to increase [23],
translating into increased occurrence of both droughts and floods, which already account for 70% of
economic losses through soil erosion and drought in West Africa [24,25]. The fifth Intergovernmental
Panel on Climate Change (IPCC) assessment reported a projected warming across the different seasons
over SSA to be larger than the global annual mean temperature increase [23]. The projected warming
(1.5-4 °C by 2100) is likely to affect the agricultural sector by a reduction of up to 50% in crop yield
and 90% in revenue across the region by the end of the century [7,23]. However, this may be further
aggravated in regions like West Africa where the climate is warming faster and may lead to a radical
departure from the regions’ historical variability [26].

The definition of departure varies across disciplines. Broadly, a departure refers to a deviation or
variation from a norm, standard rule, or behaviour. It can also mean starting out on a new course of
action. In climate science, climate departure can be defined as a shift in the climate pattern of a region
outside the range of historical variability and may be described in terms of mean local temperature
exceeding historical highs [27-29]. Mora et al. [29] described climate departure as the year in which
the average temperature of the coldest year after 2005 was warmer than the historic hottest year at a
given location. Here we have defined climate departure as a deviation from the historical mean and/or
variance of the local climate of an area or region induced by global warming [30].

The projected global warming level and the timing over the continent may intensify the impact
of climate change on crop suitability. Severe temperature fluctuations and other extreme weather
conditions such as droughts and floods may also threaten crop suitability thresholds. They vary
spatially, resulting in potential yield declines where crop growth conditions are currently suitable and
possible yield increases in other areas [31,32]. Challinor et al. [33], for instance, projected a future
decline in crop yield of up to 5% for every degree of warming above the historical level in Africa.

Given the current state of climate departure research and the direct impact of climate on crop
production systems (particularly rainfed), we are interested in the climate change induced crop
realizations when climate departs from historical variability, which we term crop—climate departure.
This study explores and proposes the information value of a comprehensive definition of crop—climate
departure as “a departure from historical crop suitability threshold, whether in terms of variability,
mean or both, due to warming of the climate over a location both in space and time resulting from
climate change whether of radical climatic nature or not”. This is in the context of recent climate
historical variability and future climate projections using three West African weather stations, within
three Food and Agriculture Organizations (FAO) Agro-Ecological Zones (AEZs). Mora et al. [29]
suggests that West Africa will experience a climate departure with a mean temperature about two
decades (2029) earlier than the global mean temperature (2047). Thus, we use the region as our proof
of concept and to examine any likely large-scale crop suitability consequent changes the region may
already be experiencing. Section 2 describes the data and methods used. Results from the study are
outlined in Section 3. The discussion of the results and concluding remarks and recommendations for
future are in Sections 4 and 5, respectively.

2. Data and Methods

2.1. Study Area

The demonstration area for this work is West Africa (Figure 1), which has rainfed agriculture
as its mainstay economy. It is located at latitude 4-20° N and 16° W-20° E. The region comprises of
15 countries namely Benin, Burkina Faso, Gambia, Ghana, Guinea Bissau, Guinea, Ivory Coast, Liberia,
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Mali, Mauritania, Niger, Nigeria, Senegal, Sierra Leone, and Togo. It is divided into three FAO AEZs:
Guinea (4-8° N), Savanna (8-12° N), and the Sahel (12-20° N) [25,34]. The temperature increases to the
north of the region, while precipitation increases towards the south [25,34,35]. The Sahel zone is the
warmest and driest, while the Guinea zone is the coolest and wettest of the three AEZs in West Africa.
The climate of the region is mainly controlled by the West African Monsoon (WAM) which accounts
for about 70% of the annual rainfall [20,34]. The WAM is an important and dynamic characteristic of
the West African climate during the summer period [36]. It is produced from the reversal of the land
and ocean differential heating and dictates the seasonal pattern of rainfall over West Africa between
latitudes 9° and 20° N. The WAM is characterized by winds that blow south-westerly during the
warmer months (June-September) and north-easterly during the cooler months (January-March) of
the year [25,36]. It is the major system that influences the onset, variability, and pattern of rainfall over
West Africa [3,37]. This affects rainfall producing systems with an impact on rainfed agriculture, which
influences crop growth suitability and consequently food production in the region.
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Figure 1. West African topography and the three Food and Agriculture Organizations (FAO)-
Agro-ecological zones (AEZs): the Guinea, Savanna, and Sahel zones [25,34].

Different crops are grown in various parts of West Africa. Some of the major crops grown
in the region are cassava, groundnut, millet, maize, sorghum, yam, plantain, cocoa, rice, and
cowpea [20,38-40]. Millet and sorghum accounted for 64% of cereal production within the region in
the year 2000, making them among the more important staple crops in West Africa [20,41]. Cassava is
also an important staple food crop in terms of production in West Africa owing to its high resilience to
drought [20,40,42]. This also applies to yam production, which accounts for about 91% of the world’s
production [20,41,43]. Maize provides about 20% of the calorie intake in West Africa and is adjudged
the most important staple food overall in SSA [20,41]. Other crops such as cocoa and plantain, to
mention a few, contribute significantly to the economy of the region.

2.2. Data

This study used three dataset types: observational weather station data, climate modelled data
(statistically downscaled at the weather station level), and crop suitability data. The observed weather
station data validated the mean monthly temperature and total monthly rainfall across the three AEZs.



Climate 2019, 7, 101 4 0f 18

The crop suitability time series were simulated based on output from the Ecocrop suitability model [43]
and the modelled climate data.

2.2.1. Climatic Variables

Temperatures (minimum and mean) and rainfall are important climate variables used in
determining the impacts of climate change at subcontinental to global scales [44,45]. These two
climate variables also have a significant effect on crop yield [46]. While rainfall affects the crop
production in relation to its photosynthesis activities and leaf area, temperature affects the length
of the crop growing season [47,48]. For this study, we used mean monthly minimum temperature
(t-min) and mean monthly temperature (t-mean) and total monthly precipitation (prec.) of weather
station data from Tabou, Ivory Coast; Sokode, Togo; Magaria, Niger. These weather stations each lie in
three AEZs, Guinea, Savanna, and Sahel, respectively over West Africa. For the study, we used four
statistically downscaled and bias corrected Global Climate Models (GCMs) in our analysis (CCCMA,
CNRMS5, GFDL, and MIROC) under a high-end climate change emission scenario (no adaptation),
RCP8.5 (See Table 1 below for a description of the model). The GCMs were statistically downscaled
using the Conditional Interpolation method as described in Hewitson and Crane [49]. The Conditional
Interpolation downscaling method calculates the local phase relationships (PMI) for each weather
station and each synoptic state combination. The bias relationship (BSI) between the weather station
and its surroundings is then calculated. The method estimates the spatial extent of precipitation
accurately and derives spatially referenced values representative of the area average. Overall, the
interpolation conditioned by the synoptic state appears to better estimate realistic gridded values
appropriate for use with model simulation output. For the temperature variable, the conditional
interpolation employs the information content of the source data coupled with additional assumptions
that may be physically justified (such as lapse-rate effects). The climate data were sourced from the
Climate Information Portal (CIP) of the Climate System Analysis Group (CSAG), University of Cape
Town (http://www.csag.uct.ac.za/climate-services/cip/). Data from this portal are at the station scale
and weather stations in each AEZ are representative of that area.

Table 1. List of statistically downscaled and bias-corrected GCMs used in the study.

Modelling Institution Institute ID Model Name Resolution
Canadian centre for climate modelling and analysis CCCMA CanESM2 2.8° x 2.8°
Centre National de Recherches CNRMCERFACS CNRM-CM5 1.4° x 1.4°

Meteorolo-Giques/Centre Europeen de Recherche
et Formation Avanceesencalcul scientifique

National Oceanic and Atmospheric Administration NOAAGDFL GFDL_ESM2M 2.5° x 2.0°
Geophysical Fluid Dynamic Laboratory

Japan agency for Marine-Earth Science and MIROC MIROC5 1.4° x 1.4°
Technology

2.2.2. Crop Thresholds to Suitability

The results of field experiments apply globally. A database of crop thresholds that translate into
climate suitability has been collected and used in many locations to describe the suitability range of
many plant and crop species using prec., t-min, t-mean, and the length of the growing season [43,50].
The climate threshold hosted by FAO dataset was obtained from the “dismo” package of the cran R
software [51] (https://cran.r-project.org/web/packages/dismo/index.html). It was used in computing
the climate suitability of each crop evaluated. It is acknowledged that thresholds will vary depending
on finer resolution of the species (e.g., different varieties) or location (e.g., different soil, different rain
distribution). However, the concept of crop suitability and the general validation of the thresholds
makes this a useful tool to assess the impact of climate change and the emergence of novel regional
climates on crop suitability over large areas examining the concept of crop—climate departure. The
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Ecocrop suitability model assessed four broad crop types and eight crops in total: cereals (pearl millet
and maize); horticultural crops (tomato and pineapple); root and tuber crops (plantain and cassava)
and fruit crops (mango and orange), using Ecocrop. The crop thresholds are listed in Table 2.

Table 2. Crop growth thresholds for eight crops as generated by the Ecocrop model.

Crop Growing Temperature (°C) Rainfall (mm)

Name Duration (Days)  Tmin Topmin Topmax Tmax Rmin Ropmin Ropmax Rmax
Pearl millet 60-120 12 25 35 40 200 400 900 1700
Maize 65-365 10 18 33 47 400 600 1200 1800
Cassava 180-365 10 20 29 35 500 1000 1500 5000
Plantain 365 16 23 28 38 1000 1300 2000 5000
Pineapple 330-365 10 21 30 36 550 800 2500 3500
Tomato 70-150 7 20 27 35 400 600 1300 1800
Orange 180-365 13 20 38 38 450 1200 2000 2700
Mango 150-365 8 24 30 48 300 600 1500 2600

Where Tmin, Topmin, Topmax, and Tmax represents monthly minimum temperature, minimum optimum
temperature, maximum optimum temperature, and maximum temperature, respectively; Rmin, Ropmin, Ropmax,
and Rmax represents total monthly minimum rainfall, minimum optimum total monthly rainfall, maximum
optimum total monthly rainfall, and maximum total monthly rainfall, respectively; optimum values represent the
most suitable period for crop planting.

2.2.3. Model Description

The Ecocrop model is a crop suitability model. It uses a crop growth suitability threshold dataset
hosted by the FAO [43]. It is an empirical model originally developed by Hijmans et al. [43] and based
on the FAO-Ecocrop database [50] (Figure 2). The computation of optimal, suboptimal, and non-optimal
conditions based on these datasets allows for the simulation of the suitability of crops in response to
12-month climate via t-min, t-mean, and prec. [43] (Figure 2). The Ecocrop model evaluates the relative
suitability of crops in response to a range of climates including rainfall, temperature, and the growing
season for optimal crop growth. A suitability index is generated as follows: 0 < 0.25 (not suitable),
0.25 < 0.5 (marginally suitable), 0.5 < 0.75 (suitable), and 0.75 < (highly suitable) [50,52]. The default
Ecocrop parameters were assumed. Although those thresholds may vary with different geographical
and/or climatic conditions, previous studies report a close correlation between the Ecocrop model and
the climate change impact projections from other crop models [16,27,33,50]. A paucity of data over
regions of interest like SSA limits the validation of these processes [53]. Nevertheless, the method
contributes to the demand for regional scale assessment of crop response to future climate projections.
The 12 coloured lines observed for the Ecocrop climate suitability simulations in Figure 2a,b below
represents 12 months. Each describes the most suitable conditions for the crop under consideration in
any given month. A highly seasonal crop (e.g., maize) has suitable growth conditions for a limited
number of months. The conditions for non-seasonal crops are suitable throughout the year. Crops
with a growing cycle longer than a year (e.g., pineapple and plantain) are represented by a single
12-month period.

2.3. Method

Four GCMs for the period 1960-2100 under the RCP8.5 scenario computed a 20-year moving
average at 5 year time increments. It generated one mean 12-month value per 20-year window
period for t-min, tmean, and prec. The mean 12-month climate value informed the crop suitability
model, Ecocrop, for each GCM based on the methodologies described in Ramirez-Villegas, Jarvis, and
Laderbach [50] for eight crops across the three AEZs of West Africa. The Ecocrop model simulated crop
suitability indices characterized the crop—climate relationship and the impact global warming has on
this relationship for each AEZ both spatially and temporally for each climate window. The suitability
index scores were calculated for a range of climate variables for the period 1980-2000 using observed
weather station data. This was used as a baseline to evaluate the downscaled GCM results spanning



Climate 2019, 7, 101 60f18

1960-2100 at the three West African weather stations. It assessed the crop growth suitability in the zone
for past climate conditions in reference to the published literature. Present day climate data was used
as the preference for this zone owing to the constraint and paucity of weather station data and this data
being the best available data to overlap with the Ecocrop model for the zone in the given study period.
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Figure 2. (a) two dimensional and (b) three dimensional diagram describing climate thresholds and its
translation into crop suitability (Adapted from [50]).

3. Results

3.1. Evaluation of the GCMs in Simulating Rainfall and Temperature over West Africa

The downscaled climate data was firstly validated with the observed weather station data.
Where missing records occurred, the corresponding month in the model’s data were removed before
computing the relationship between the datasets. Each GCM was correlated with the observed data
for prec. and t-mean over the three weather stations, despite some discrepancy in precipitation over
the Guinea zone (Figures 3 and 4). For temperature, the four models were correlated (r >0.6) with
the observed t-mean across the three AEZs of West Africa with the highest correlation (r = 0.9) over
Magaria. The models were also correlated (r >0.6) with the observed prec. in the Savanna and Sahel
AEZs. A moderate correlation (r >0.3) with observed weather station data was evident in the Guinea
AEZ. This weak correlation may be due to the low resolution of the GCMs in capturing the total
monthly rainfall in the Guinea zone. The validated GCM data was then input into the Ecocrop model.

3.2. GCMs Representation of AEZs, Seasons, and Suitability over West Africa AEZs

A correlation exists between the Ecocrop suitability model simulated with climate inputs from
four GCMs, CCMA, CNRM, GFDL, and MIROC (hereafter Eco-GCMs), although with minor variations
in amplitude and time. However, it is worth stating that the variation in simulated suitability by the
four GCMs may be attributed to the inter-annual variability of the GCMs or the GCMs parametrization
scheme. Nevertheless, Eco-GCMs simulated crop suitability is similar across the three AEZs over West
Africa for the eight crops considered in the study. For example, cassava shows a similar suitability
pattern across the AEZs (Figure 5). It is unsuitable (Eco-CCMA and CNRM) to marginally suitable
(Eco-GFDL and MIROC) for cassava crop growth in the Sahel AEZ. In the Savanna AEZ, it is currently
highly suitable for cassava, but this is predicted to decline in the future to become marginally unsuitable.
The Guinea AEZ suitability for cassava does not change. The variability in crop growth suitability
curves may be attributed to the variation in yield and production of cassava across the region due to
the impact of climate change, corroborating previous studies [8,38].
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Figure 3. Mean monthly temperature (°C) as depicted by station observations and statistically
downscaled CMIP5 GCMs (CCMA, CNRMS5, GFDL, and MIROC) across the three agro ecological zones,
Tabou, Sokode, and Magaria, of West Africa for the period 1980-2000. The top right corner r-values in
each panel represent the correlations between the simulated and observed mean monthly temperature.
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Figure 4. Total monthly rainfall (mm/month) as depicted by station observations and statistically
downscaled CMIP5 GCMs (CCMA, CNRMS5, GFDL, and MIROC) across the three agro ecological
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zones, Tabou, Sokode, and Magaria, of West Africa for the period 1980-2000. The top right corner r-values
in each panel represent the correlations between the simulated and observed mean monthly temperature.
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Figure 5. Cassava planting month suitability plots in the Guinea, Sahel, and Savanna as simulated
by the four GCMs (CCMA, CNRM, GFDL, and MIROC) used as climate inputs into the Ecocrop
suitability model.

Variability in the suitability of the month of planting for cassava crops in response to both AEZ and
time increment is observed across the GCMs (Figure 5). The Guinea AEZ is currently the most suitable
AEZ in which to grow cassava and is predicted to remain so. Suitable planting months in the Savanna
AEZ as identified by all four models includes April-June and December, however a notable decline is
observed, consistent for all four GCMs. Suitability declines from just below 1.0 to below 0.5 by 2050 in
most cases. Conditions in the Sahel are presently and remain of low suitability. The simulation of the
cassava crop growing season and period of planting across the three AEZs: Guinea (January-July and
September—December), Savanna (April-November), and the Sahel (May/June-November) corroborates
with previous findings with respect to the planting period and growing season in West Africa [54-56].

The concept of crop—climate departure allows for a consolidation of climate outputs from an
ensemble of four GCMs into simulated crop suitability indices. Despite the marginal scale differences,
the four GCMs consistently represent the unsuitability of cassava in the Sahel AEZ, its fast-declining
suitability in the Savanna AEZ, as well as the high suitability of the Guinea AEZ. The cassava growing
season is 12 months. Due to the predicted decline in the suitability of growth conditions, it is expected
that it will become seasonal i.e., the suitability remains subject to appropriate seasonal planting, but
conditions will then become unsuitable in the Savanna AEZ. Farmers will be required to adapt their
practices in this AEZ. There is no reason at this stage to prefer one over the other GCMs, thus we
use GCMs ensemble data as future climate scenario to simulate crop suitability in the subsequent
sections of the paper plots of crop suitability from the Eco-GCMs. As seen from Figure 5, the ensemble
suitability plots give a good representation of the Eco-GCMs model simulated suitability across the
AEZs over West Africa. It shows the non-suitability of cassava in the Sahel, the fast-declining suitability
and the observed seasonality in the Savanna AEZ, and high suitability in the Guinea zone. Thus, the
crops ensemble suitability simulations are used in the results and discussion in the subsequent sections
of this paper. A summary of crop suitability index values are given in Table 3.
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Table 3. Ecocrop simulated crop Suitability Index Value (SIV) for the eight (8) different crops across the three Agro-ecological zones (AEZs) of West Africa.

Years 1960 1990 2020 2050 2080
Crops/AEZs  GUI SAV SAH GUI SAV SAH GUI SAV SAH GUI SAV SAH GUI SAV SAH
Cassava >0.75 >0.75 <0.25 >0.75 >0.75 <0.25 >0.75 >0.50 <0.25 >0.75 <0.50 <0.25 >0.75 <0.50 <0.25
Maize <0.50 >0.50 <0.75 <0.50 >0.50 0.50-0.75  <0.50 >0.50 >0.50 <0.50 >0.50 >0.50 <0.50 >0.75 >0.75
Mango 0.50-0.75 1.00 <0.75 0.50-0.75 1.00 <0.75 0.50-0.75 >0.75 >0.75 0.50-0.75 >0.75 0.75 0.50-0.75 >0.75 0.75
Orange >0.75 >0.75 <0.25 >0.75 >0.75 <0.25 >0.75 >0.75 >0.25 >0.75 0.50-0.75 <0.25 >0.75 0.50-0.75  <0.25
Pearl millet >0.75 >0.50 >0.50 >0.75 >0.50 >0.50 >0.75 >0.50 >0.50 >0.75 >0.50 >0.50 >0.75 >0.50 >0.50
Pineapple >0.75 >0.75 <0.5 >0.75 <0.50 <0.50 >0.75 >0.75 0.50 >0.75 0.50-0.75  <0.50 >0.75 <0.50 <0.50
Plantain 1.00 >0.75  0.00 1.00 >0.75  0.00 >0.75 <0.75  0.00 >0.75 <0.75 0.00 >0.75 <0.50 0.00
Tomato >0.75 >0.25 <0.5 >0.75 >0.50 <0.5 >0.75 >0.50 <0.5 <0.75 <0.50 <0.25 <0.75 <0.50 <0.25

GUI—Guinea AEZ, SAV—Savanna AEZ, SAH—Sahel AEZ. Ecocrop suitability Index: 0.0-0.25—Unsuitable/No suitability, 0.25-0.50—Marginally suitable, 0.50-0.75—Suitable,

0.75-1.00—Highly suitable.
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3.3. Crop Suitability Response with Past Climate

Past climatic conditions (1960-2010) indicate that a crop growth suitability gradient existed from
south to north across the three AEZs for each crop type considered. A Suitability Index Value (SIV)
(0.75-1.00) is observed for each crop type in the Guinea and Savanna zones throughout the year
(Figures 6 and 7). An exception is the cereal crop maize. Maize is marginally suitable (0.25-0.50) in the
Guinea AEZ, suitable (0.50-0.75) for planting in May, September, and December in the Savanna AEZ,
and January-February in the Sahel AEZ. The suitability increases (0.75-1.00) in 2050 (Figure 6). In the
Sahel AEZ, other cereals and mango are suitable (above 0.50). Crop growth suitability increased for
pineapple crops in this AEZ.

sahel sahel sahel sahel

Cassava Maize Orange Pineapple

1.004

0.754
0.501
0.25+

0.001 Month
savanna savanna savanna savanha Jan

Cassava Maize Crange Pineapple — feb

1.004 — mar

—

\ /-/*'/\ — may

0.754

=
8 0504 jun
E jul
0.254
— aug
0.004 sep
- - - — oct
guinea guinea guinea guinea
ne
Cassava Maize Crange Pineapple v
1.004 e i dee
0.754
0507 — e
0.25 — e ’\,__—\v

0.00

1960 1970 1980 1990 2000 20101960 1970 1980 1990 2000 20101960 1970 1980 1990 2000 20101960 1970 1980 1990 2000 2010
Years

Figure 6. Ensemble crop suitability plots in the past climate (1960-2010) for cassava, maize, orange,
and pineapple.

The Ecocrop simulations of crop growth suitability for the period 1960-2010 and the crop types
evaluated corroborate previous findings with respect to the type of crops actually grown in the region.
Cereals and root and tuber crops were the principal agricultural commodities in the region during this
period [57,58]. Cassava and maize crops demonstrated modest yield increases of 6.3 to 10.3 and 1.1 to
1.8 tons ha™!, respectively in the last 40 years [58,59]. The historical suitability of growth conditions for
maize across the region (although marginal in the Guinea zone) highlights its importance as a staple
crop here, accounting for almost 20% of the calorie intake for the population of West Africa [20,41].
The large area grown and high yield of pearl millet between 1960 and 2010 can be linked to the high
suitability indices across the AEZs of West Africa over this period, contributing considerably to the
livelihoods and economies of the countries in this region [60,61]. Increased productivity has also
been witnessed in crops such as orange, mango, pineapple, and tomatoes in the last 40 years, again
correlating with the high crop growth suitability indices identified for these crops [62,63]. Given the
importance of these crops in the regional economy, a key question is, how is the projected change in
climate predicted to impact on the crop growth suitability of these key crops in West Africa?



Climate 2019, 7, 101 11 0f 18

sahel sahel sahel sahel

Cassava Maize Orange Pineapple

1.00+
0.754
0.504

0% W& ~ M P e S e

0.004 Month
savanna savanna savanna savanna — jan
Cassava Maize Orange Pineapple — feb

= mar

AR || = = - ar
—
M 5 — may

s

suitabilty

jul

— aug

0.00+ sep
P 0 0 A = oct
guinea guinea guinea guinea
1 . nov
Cassava Maize Orange Pineapple
1.004 — — - - dec
1 = '
0.754
0 DA A
0.25 = /'?‘v—s/\
0.00
1960 1990 2020 2050 20801960 1990 2020 2050 20801960 1990 2020 2050 20801960 1990 2020 2050 2080
Years

Figure 7. Projected model ensemble suitability over West Africa between 1960-2100 for cassava, maize,
orange, and pineapple.

3.4. Projected Changes in Crop Suitability and Time of Planting over West Africa

The projected increase in global temperature is predicted to have a varied impact on crop growth
suitability in West Africa (Figures 8 and 9). The Guinea AEZ remains largely unchanged with respect
to crop growth suitability, evidently a more resilient area. Drastic declines are predicted for multiple
crops in the Savanna AEZ including for cassava, orange, and pineapple. The main staple crop, maize,
remains stable with an SIV of 0.5-1.0. It is interesting to note that the SIV for maize in the Sahel AEZ is
projected to increase, shifting from suitable in 2020 to highly suitable by 2050 (Figure 7). Conditions for
pearl millet will remain highly suitable (Figure 9), although the SIV for mango will decline post 2020.

The impact of future warming will affect crop seasonality, i.e the suitability of the time of planting.
For root and tuber crops and cassava, in the months of April and May, they will become marginally
suitable for cultivation by mid-century in the Savanna AEZ. Conditions will be unsuitable if planted in
March, June, or December, which are currently optimal seasons. No change is predicted for cereal
Crops mango or orange.
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4. Discussion

4.1. From Climate Departure to Crop—climate Departure

The impact of global warming on the crop—climate relationship in the three AEZs of West Africa
varies depending on the crop grown. The combination of a changing climate and crop growth suitability
thresholds results in a projected deviation for the SIV from historical data. This may be a predicted
increase in SIV, as observed for maize, or a decline as noted for crops such as cassava. A further
variable is the AEZ itself. The predicted increase in SIV for maize in the Sahel zone by 2100 results from
the projected increase in temperature and precipitation in this location. The decline in SIV forecast for
cassava and pineapple in the Savanna AEZ decreases the suitability of the SSA region for these crops,
spatially constraining suitable areas to the Guinea AEZ by 2100. The warming climate also influences
the suitability of the month of planting of many crops. A potential cause for concern is the timing of
crop—climate departure in the Savanna AEZ, which is already evident in root and tuber, cassava, and
pineapple crops, and projected for orange crops by 2100. The diversity of crops grown in this AEZ
may be diminished in the future.

The projected shifts in suitability and the variation of suitability between different crops and
AEZ due to global warming highlights the importance of local climatic conditions in determining the
extent of crop growth, development, and yield in response to climate suitability thresholds [31,64].
The above characteristics observed from the crop—climate relationship of different crops in the three
AEZs of West Africa supports our proposed crop—climate departure definition of “a departure/shift
from a historical crop suitability threshold, whether in terms of variability, mean or both, resulting
from climate change whether of radical climatic nature or not due to warming of the climate over a
location both in space and time”. This definition can be used to inform adaptation responses to impacts
resulting from climate change that will influence crop suitability, especially in a vulnerable region
with low adaptive capacity like West Africa. Cultivating crops with high suitability as projected by
the models such as cassava in the Guinea and maize in the southern Sahel may be the best solution.
However, with improved/hybrid seedlings of the crop projected to decline that can withstand the
variability in climate, this improved suitability may be considered another option.

4.2. Crop—Climate Departure and the Spatio-Temporal Variability of Crop-Suitability in West Africa

The temporal and spatial targeting of adaptation measures under an increasing global temperature
will be crucial in maintaining and improving food security in the future. Identifying the timing and
location of changes in crop growth suitability due to climate change can play a potentially key role
in addressing the challenge of food production [16,33]. This is particularly relevant for the crops of
vital importance in the West African region assessed here. The projected decrease in growth suitability
conditions for cassava crops in the Savanna AEZ between 2020 and 2050, for example, depends on the
time of planting or season. This projected departure is critical for the Savanna region as it may impact
negatively on both the economy and livelihoods within the region. The improved understanding
of crop—climate departure timing may permit timely adaptation plans such as modification to crop
management regimes that account for this change in crop seasonality. If this were to be included in
combination with increased use of key varietal traits, e.g., drought resistance, it will greatly assist in
improving the adaptive capacity of such crops and mitigating the future impacts of a warmer climate
to increase the resilience of current cropping systems within the region [16,65]. Improvements to the
underlying knowledge base can therefore potentially improve both crop yield and crop quality.

In AEZs where the continued growing of given crop types is no longer possible, a further
adaptation strategy is a shift to other more resilient crop species [66], or the substitution of existing
crops with crops not previously grown within a given AEZ. Maize, for example, is projected to increase
in yield by up to 7% in comparison to non-adapted crops under future climate change scenarios
in SSA [33]. An increase in the planting area of crops such as maize further northwards into the
southern Sahel AEZ due to the projected rainfall increase in this AEZ [31], or a shift of cassava or
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pineapple cropping into the Guinea AEZ due to reduced rainfall and the crops ability to withstand
drought [16,31,65,67] represent further opportunities. A spatio-temporal projection of potential crop
growth suitability can help provide information on future opportunities and constraints that will arise
from shifts in the location of suitable crop lands within each AEZ [65]. Adaptation measures may then
be prioritized for individual countries in response to the predicted changes [31,32], resulting in the
maximum utilization of suitable areas for specific crop types, which will greatly assist in mitigating the
future impacts from a warmer climate.

5. Summary and Conclusion

In order to improve the understanding of climatic impacts on agriculture, we conceptualized
and explored the notion of crop—climate departure from historical variability in West Africa. We used
four downscaled CMIP5 GCMs (CCMA CNRMS5, GFDL, and MIROC) for the period 1960-2100
under RCP8.5 emission scenario and a crop suitability model, Ecocrop, across three weather stations
representative of the Guinea, Savanna, and Sahel AEZs. In summary, all four GCMs correlate with
observed weather station data in their simulation of monthly mean temperature and total monthly
rainfall in the Savanna and Sahel zones, but moderately over the Guinea zone. It is recommended that
future simulations acquire data from additional weather stations and utilize additional CMIP5 GCMs
such as CSIRO, ICHEC, HADGEM, IPSL, MPI etc. In terms of crop rotations, the current climate is
suitable for maize in the Savanna and Sahel AEZs, while future projections predict a potential for the
expansion of maize further into the Sahel zone. The Guinea zone remains less suitable for maize but
provides the correct climate both currently and in the future for crops such as cassava and pineapple.
The predicted range for pearl millet and mango will remain stable in all three AEZs. Importantly, the
Savanna AEZ, given its current cropping regime, is the most sensitive to climate change and shows
the least resilience of the three AEZs considered. Climate change adaptation strategies will require
prioritization in this zone. The climate-departure concept has been used to characterize crop—climate
relationships i.e., crop—climate departure with increased warming and how it can, with appropriately
planned adaptation and mitigation strategies, increase food security in the future.
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