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ABSTRACT

Future climate is projected to deviate from present-day by unprecedented measure,
hereafter climate departure, with direct consequences on food security. West Africa, one of
the hotspots for climate departure globally, has suffered significantly from climate change
impacts via extreme events with large impacts on food production. A better understanding
of the impact of climate departure on crop growth suitability and planting season is still
unknown and is highly needed in West Africa, owing to its high vulnerability and low
adaptive capacity. This thesis developed a methodology aimed at defining the cropping
system to investigate the projected timing of climate departures from historical variability
and their impact on crop growth suitability over West Africa. For the study we used 4
statistically downscaled Global Climate Models, GCMs at station level for the period 1951-
2100 under RCP8.5 across the three AgroEcological Zones (AEZs) of West Africa for eight
crops, cassava, maize, mango, orange, pearl millet, plantain, pineapple and tomato. Climate
variables minimum mean monthly temperature and total monthly precipitation were used as
input crop suitability model, Ecocrop to develop a new approach to define and characterise
cropping systems departure from their normal regime, called crop-climate departure (CCD),
to better understand the timing of future changes in crop suitability. Also, the concept of
CCD was defined, tested and applied in West Africa for five different crops types, using 10
GCMs downscaled by regional climate model, RCA4 as input into crop suitability model
Ecocrop. The downscaled GCMs were also employed to examine the impact at the different
global warming levels, 1.5, 2.0 and 3.0°C on crop suitability over West Africa. Using the
GCMs at station level, we develop the concept of crop-climate used in characterizing the
suitability of different crop across the three AEZs of West Africa. The result highlights the
constraint, a reduction in suitable area, of growing cassava and pineapple only in the
Guinea zone by mid and end of century. In contrast, there is an observed and projected
opportunity, increase in suitable areas, of growing maize in southern Sahel by the end of
the century while mango remains suitable across the three West African AEZs. The
application applying the concept crop-climate departure on different crop types showed in
decrease suitable areas for most crops by the end of century with horticultural, cassava and
cereals respectively are the crops mostly affected. The changes in crop-climate relationship
suggests a future constraint in crop suitability could be detrimental to future food security
over West Africa. Finally, our findings from the impact of different global warming levels,
1.5. 2.0 and 3.0°C highlights the potential of sustained suitability for all the crops and
improved food security under 1.5°C global warming for all the six crops but a contrast
under 3°C over West Africa except for cowpea and groundnut. Our findings for cowpea and
groundnut showed an increase suitable area into the southern Sahel with increasing global
warming level. The study holds great value at regional scale where improved preparedness
and regional cohesion could make the difference in making decision for a food secure
Africa. Further studies to explore associated short and long-term adaptation options to
changes in crop-climate relationship are recommended.
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CHAPTER 1
1. INTRODUCTION

1.1 Background

This chapter provides an overview of the major themes of this research. It describes the
livelihoods, current and projected population and the state of food security over Sub-
Saharan Africa (SSA). It further describes the impact of population growth and climate
change on food security in SSA. It focuses on West African region, its climate, its
agriculture as a major means of livelihoods and the impact that climate change has on
agriculture. The chapter defines and explores the concept of climate departure and describes
the climate crop relationship through the climate-crop threshold. Ultimately, the chapter
provides motivation for the research on the timing of climate departure and its spatio-
temporal impact on crop suitability over West Africa. It also contains the research question,
aim and objectives of the research, the approach to achieve research objectives are briefly

described. The chapter ends with an outline of the thesis structure.

1.2 Population Growth, Livelihoods and Food Security in SSA

The continuous increase in population growth remains a critical challenge influencing
global change in the twenty-first century (Hertel, 2011, 2015). The global population,
currently about 7.6 billion is projected to reach almost 10 billion by mid-century (Bloom,
2011; Population Reference Bureau, 2018). In SSA, a rapid increase in population growth
is projected compared to other continents of the globe (Bloom, 2011). Currently about 950
million, about 13% of the global population, SSA population is projected to double by mid-
century reaching around 2.2 billion people (Bloom, 2011; United Nations, 2013;
OECD/FAOQ, 2016). The total population of the inhabitants of West Africa is estimated at
approximately 250 million, growing at an average rate of 3% annually and expected to

reach about 430 million by 2020 (Bloom, 2011). SSA is mostly rural, with about 60% of



the population consisting of people living in rural areas, with main source of livelihoods
highly dependent on rainfed agriculture (Bloom, 2011). The rural areas are characterized by
low education status, low income, malnutrition, hunger, high population density, high
poverty rate, and low agricultural productivity (Vermeulen, Campbell & Ingram, 2012).
The area is densely populated and are projected to further increase. The projected
population growth will also affect the agricultural land (Jayne, Chamberlin & Headey,
2014) as this is will put further pressures on the suitable agricultural land over the region.
The reduction in cultivated land or farm size for subsistence farming will mainly affect the
rural farmer through a decrease in agricultural production to meet their immediate needs
(Kyalo Willy, Muyanga & Jayne, 2019). This will exacerbate the current high demand for
food in the region further increasing lack of access to food and undernourishment in the

region (OECD/FAOQ, 2016).

Food security remains a great challenge in SSA. A recent report by the Food and
Agriculture Organization (FAQO) showed that one out of every four persons in Africa, does
not have access to a healthy diet (FAO, 2018) even as SSA continues to lag in the fight
against access to food with the increasing rate of hunger and malnutrition. The report
further showed that SSA has the highest number of food-insecure people, about 925
million, with about 800 million suffering from chronic hunger and undernourishment
(FAO, 2018). The number of people who are food insecure is projected to further increase
with the increasing population in the region as well as the prevalence of undernourishment
in different parts of the region except for East Africa (UNDP, 2015; FAO, 2018). Although
giant strides have been made in improving food security and reducing hunger over the last
two decades in other regions of the world, Africa has the highest population with the
prevalence of undernourishment in the world. Although much of the food produced is

through subsistence farming, food security and ending hunger remains a major challenge



and topical issue in SSA especially West Africa, the most populous region and one of the

hotspots of climate change impact (IFAD and UNEP, 2013; Ricciardi et al., 2018).

1.3 An overview of the West African Region

West Africa comprises 16 developing countries (member state) which form the regional
body called the, Economic Community of West African States (ECOWAS) (Figure 1.1).
ECOWAS member states include Burkina Faso, Cape Verde, Gambia, Ghana, Guinea,
Guinea-Bissau, Ivory Coast, Liberia, Mali, Mauritania, Niger, Nigeria, Republic of Benin,
Senegal, Sierra Leone and Togo (Figure 1.2). ECOWAS oversees the economic needs and
integration of member states in the region. The West African region is situated north of the
equator at longitudes 16°W and 15°E and latitudes 4-24°N. It extends from the Gulf of
Guinea to Sahara Desert in the south and north respectively and in the east from Mount
Cameroon to the Atlantic Ocean in the west. The landmass of the region is large area of
over 6million square kilometres and about 20% of the African continentl. The total
population of the inhabitants of West Africa is estimated at approximately 250 million,
growing at an average rate of 3% annually and expected to reach about 430 mmillion by

2020 (Bloom, 2011).

Ihttp://global.britannica.com/place/western-Africa
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Figure 1.1: Map of West Africa showing ECOWAS member states (green colour). The
dotted lines represent the climatic transition zone?.

1.3.1 The West African Climate

The climate of West Africa is influenced by two major air masses; a tropical maritime and a
continental air mass (Nicholson, 2008, 2009). These strongly modulate variability in
temperature and rainfall in the region (Abiodun et al., 2008; Nicholson, 2009). Both air
masses meets over the ocean and land at a point called the InterTropical Convergence Zone
(ITCZ) and the InterTropical Discontinuity (ITD) respectively (Figure 1) (Abiodun et al.,
2008; Nicholson, 2008, 2009). The ITD oscillates from south to north over the region
modulating the pressure system of the West African Monsoon which controls the moisture
laden south-westerly wind and dry North-west trade winds that results in the wet and dry

season over the region (Abiodun et al., 2008). The ITD at 7°N gets to its southernmost

2 Map of west Africa accessed online 17 September, 2019 at https://saylordotorg.github.io/text world-regional-geography-people-places-and-

globalization/s10-03-west-africa.html
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position in the Guinea zone in January and furthest north in August in the Sahel around

22°N (Nicholson, 2009).
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Figure 1.2: The West African Monsoon influence on wind and rainfall pattern in (a) June—
September. and (b) January-March?

West African rainfall pattern is mainly controlled by the West African Monsoon (WAM),
which is the main source of moisture. The West African climate is divided into three major
ecological zones namely; Guinea (latitude 4-8°N), Savannah (latitude 8-12°N, 750-1250
mm/year) and Sahel (latitude12-16°N) (Omotosho & Abiodun, 2007; Abiodun et al., 2012).
The Guinea zone, the south most boundaries to the Atlantic Ocean has mean annual
precipitation above 2500 mm. The zone has a longer rainy season with a bi-modal rainy
season between March-July and September-October respectively (Baidu et al., 2017). The
region experiences a break in rain during this period in August, commonly referred to as the
August break (Omotosho & Abiodun, 2007; Abiodun et al., 2008; Baidu et al., 2017). The

Savannah zone is a semi-arid zone with mean annual rainfall between 750-1250 mm. The

3Encyclopaedia Britannica accessed online 3 September 2019 at http://www.britannica.com/science/West-African-monsoon
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northernmost part is the Sahel zone with mean annual precipitation of 750 mm comprising
of Mauritania, Mali and Niger. This zone has a short and single rainy season between June-
September. Overall, rainfall decreases northward from the coast, through the Guinea,
Savanna an Sahel AEZs up to the Sahara of the region (Jalloh et al., 2013). Unlike rainfall
temperature increases shows through a south to north gradient from the south coast. Annual
maximum temperatures range is about 30-33°C along the gulf of Guinea in the south, 36—
39°C in the Sahel and from 42—45°C near the desert in the north (Jalloh et al., 2013). The
climate variability of the region is affected by topography; and its low adaptive capacity
makes it highly vulnerable to climate change (Kirtman et al. et al., 2013; Riede et al.,

2013).

1.3.2 Agriculture in West Africa

The socio-economic activities of West Africa are driven by and largely depend on
agriculture (Omotosho & Abiodun, 2007; Diasso & Abiodun, 2017). Agriculture and other
related activities employ over 60% of the labour force and about 65% employment rate are
dependent on this activities (Serdeczny et al., 2017). Also, at about 5.9% annual rate
growth in the last ten years, about 35% of the Gross Domestic Product (GDP) is from
agriculture (Blein et al., 2008). Blein et al. (2008) also showed that agriculture accounts for
about 16.3% (about USD 6billion) of the total exports of product and services and about
78% of food exports for the region. The report further revealed that agriculture alone
provides about 80% of the regional food needs of the inhabitants through regional

production (Blein et al., 2008).

West African agriculture is composed of various farming systems. This ranges from the
root and tree crop systems in the south to the nomadic pastoralism in the north. Some of
farming systems in the West Africa include Agro-pastoral, highland perennials, cereal-root

crop mixed, large commercial and smallholder, root and tuber crop and humid lowland tree



crop farming systems. The smallholder farming system constitute about 80% of all the
farms in West Africa with a significant contribution to livelihoods and the economy
(Williams et al., 2018). The Agro-pastoral farming system refers to the practice of
agriculture that involves growing and cultivation of crops and raising of livestock. The
Highland perennial system is based on perennial crops such as banana, plantain, coffee
supplemented by cassava, sweet potato etc. Cereal-root crop described the cultivation of
both cereal and root crops such as maize, millet, cassava, plantain etc. Tree crop farming
system involves the cultivation of industrialised tree crops such as cocoa, coffee, rubber and
oil palm while root and tuber crop farming system are based on the cultivation of root and

tuber crops such as plantain, yam and cassava etc.

Different crops are grown in various parts of West Africa (Figure 1.3). Some of the major
crops grown in the region are cassava, groundnut, millet, maize, sorghum, yam, plantain,
cocoa, rice, and cowpea (Paeth, Capo-Chichi & Endlicher, 2008; Jarvis et al., 2012a;
Nelson et al., 2014; Sultan & Gaetani, 2016). 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. Cassava is also an important staple food crop in
terms of production in West Africa owing to its high resilience to drought (Jarvis et al.,
2012a; Srivastava et al., 2016; Sultan & Gaetani, 2016). This also applies to yam
production, which accounts for about 91% of the world’s production (Hijmans et al., 2001;
FAOSTAT, 2014, Sultan & Gaetani, 2016). Maize provides about 20% of the calorie intake
in West Africa and is adjudged the most important staple food overall in SSA (FAOSTAT,
2014; Sultan & Gaetani, 2016). Other crops such as cocoa and plantain, also contribute

significantly to the economy of the region.



Figurel.3: Map showing different cultivated crops in West Africa*

1.4 Impacts of Climate Change on Agriculture in West Africa

Projected changes in the climate will significantly affect food security in SSA. The
variability in climate will strongly affect rainfed agriculture, which is the main source of
livelihoods in SSA (Niang et al., 2014). Variability and change in the West African climate,
both spatial and temporal, remains a challenge to agricultural production, threatens food
security and many socio-economic activities across the region (Abatan, 2011). Projected
changes in climate show there will be increases in temperature and variability in rainfall
resulting in water scarcity will increase over the regions (Gizaw & Gan, 2017). Niang et al.
(2014) stated that the projected change in rainfall pattern will have a significant impact on
the growing season, mainly on the onset, cessation and length of the growing season. This

makes climate variability and changes the main driver of agricultural production and food

“The World Bank Group brief accessed online 13 September, 2019 at https://www.worldbank.org/en/topic/agriculture/brief/the-west-africa-

agricultural-productivity-program
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security in SSA due to high sensitivity and exposure of rainfed agriculture to climate. Thus,
variability in rainfall pattern through onset, length of growing season, cessation and
temperature may lead to a significant change in agricultural production. For example, the
decline in mean yield of cereal production is projected over SSA due to the impact of
climate change (Schlenker & Lobell, 2010; Lobell, Schlenker & Costa-Roberts, 2011).
Furthermore, Roudier et al. (2011) project a decrease of up to 20% in the production of
staple crop over the different regions of SSA. In addition, climate change impacts through
extreme events as been reported to leads to destruction of agricultural production and crop
yield via soil erosion, decrease in rainfall and agricultural drought (see Grolle, 1997;
Tarhule & Woo, 1997; Hountondji & Ozer, 2011; Paeth et al., 2011; République du Bénin,
2011; Sighomnou et al.,, 2013; World Meteorological Organization Report, 2015).
However, despite the impact of climate change over the region, increasing warming may
lead to deviation in historical climate variability has been projected globally and sub-
Saharan West Africa as one of the hot spots (Mora et al., 2013). This projected further
warming will exacerbate the challenge of food security in the region. Thus, it will be
important to examine how this may affect agricultural production and food security over

West Africa.

1.5 The Concept of Departure in Cropping system (Crop-climate Departure)

1.5.1 What is Climate Departure?

Future climate is projected to be unprecedented in comparison to the present-day climate
over the next 50-100 years (Hawkins & Sutton, 2012; Mora et al., 2013). Many studies
have shown with evidence an increasing trend in the earth warming beyond natural trends
since mid-19th Century (Rosenzweig et al., 2007; Hansen et al.,, 2012, Screen &
Simmonds, 2010; IPCC, 2013). An increase in global mean temperature of about 0.8°C

above pre-industrial period has already recorded while a further increase between 1.5 - 4°C



is projected in the near future (World Bank Report., 2010; IPCC, 2013). Some refer to such
an unprecedented increase in global mean temperature as climate departure (see Mahlstein,
Daniel & Solomon, 2013; Mora et al., 2013). Different definitions and terminologies have
been used to describe climate departure in the literature. For example, Mahlstein, Daniel &
Solomon (2013) as a change in the regional climate zones leading to a major alteration in
the local climate due to global warming such as shift or change in the Kdppen-Geiger
climate classification over a location. Another study also described it as a shift in the
present agro-ecological zone/classification due to the spatio-temporal changes in
precipitation and temperature over a region in future climate (Kurukulasuriya &
Mendelsohn, 2006; Travis, 2016). Further Mora et al. (2013) defined climate departure as
when crossing a threshold that current climate extreme events becomes a normal event in
the future climate. In addition, it is referred to as an abrupt shift in climate over a region

due to the increasing global mean temperature (Drijfhout et al., 2015).

In addition, Figurel.4 further describes climate departure as defined by Mora et al. (2013)
as a time when the climate of an area continuously moves outside the range of historical
variability or the global mean temperature. From the above definitions, climate departure
can simply be described as the transition of a climate regime (evident via a remarkable
change in mean and variance) of an area from a past climate to new climate due to
increasing greenhouse gas concentration. In this thesis the above definition of climate
departure is extended into the agricultural context to arrive at the concept of crop-climate

departure based on the crop-climate relationship.
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Figure 1.4: Mean annual temperatures of an example grid cell (small square on map)
exceed historical climate bounds (grey area) for three consecutive years starting in 2012
(blue arrow) and for 11 consecutive years after 2023 (green arrow); after 2036 (red arrow)
all subsequent years remained outside the bound (data from GFDL-ESM 2D) (Mora et al.,
2013)

1.5.2 Crop-climate relationship

Agriculture (e.g. rainfed subsistence) is highly dependent on climate with increased
limitation on the cropping mechanism and adaptation to its variability and change. This
dependence often affects socio-economic development both at household (smallholder
farmers) and national level. Crop growth and yield are determined by numerous factors
including weather, climate, soil characteristics, management, pest/disease etc. Of all these
factors, climate is recognised as the most determinant factor and remains the main driver of
the agricultural system and crop growth, especially under rain fed agriculture (Ramirez-
Villegas, Jarvis & Lé&derach, 2013). However, while some of these factors can be
controlled, climate cannot. This is due to the increasing greenhouse gas emissions that has
resulted in a projected unprecedented future climate with a deviation from the historical
mean climate, called climate departure (Hawkins & Sutton, 2012; Mora et al., 2013) The
projected climate departure raises concerns and the questions on the need to anticipate

when, where and how climate departure may influence cropping system in a way that

11



cannot be coped with or manage. This provides motivation to understand crop thresholds

and the best possible conditions for a crop under a given climate.

1.5.3 Crop-climate Threshold

Crop response to the climatic environment (i.e. crop-climate threshold) determines the
magnitude of impact on growth, development and yield (Porter & Semenov, 2005;
Solomon et al., 2007). The extent of variations in crop yields largely depends on each crop
and its environmental requirements (Porter & Semenov, 2005). Temperature and rainfall
are important climate variables used in determining the nature of climate change and
departure at different scales (sub-continental to global) (Cong & Brady, 2012; Mastrandrea
et al., 2015). These two climate variables have a significant effect on crop growth
suitability and yield (Abbate et al., 2004; Medori et al., 2012). While rainfall affects the
crop growth and production in relation to its photosynthesis activities and leaf area,
temperature affects the length of the crop growing season (Olesen & Bindi, 2002;

Cantelaube & Terres, 2005) .

Identification of temperature thresholds is the basis for assessing extreme temperature-
related risks on crop production (Luo, 2011), as crops are vulnerable when these thresholds
are reached and exceeded (Challinor et al., 2005; Porter & Semenov, 2005; Thornton et al.
2011). Therefore, the impact on crop growth, development and yield when these climate
thresholds are reached may be thought of as a crop-climate threshold. The crop-climate
thresholds are crop dependant as each crop exists within particular environmental
requirements (Solomon et al., 2007). For food security in a changing and shifting climate, it
is highly pertinent to investigate and identify the crop-climate thresholds (crop suitability
thresholds) for crop yield under future climate and also the timing of these changes (i.e.
crop-climate departure), especially when dealing with vulnerable regions like West Africa

with low adaptive capacity.
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1.6 Motivation for study

Future climate change is projected to affect food security. Niang et al., (2014) in the fifth
IPCC assessment report revealed that Africa, one of the most vulnerable continents owing
to its low adaptive capacity, has suffered significantly from the changing climate with
detrimental consequences on food production. Moreover, the future climate could further
aggravate the current risks of the decrease in food production and introduce new ones
(Mora et al., 2013). In addition, the impact of 1.5-2.0°C global warming is projected to be
more pronounced in tropical region like West Africa owing to its with high exposure and
low adaptive capacity to climate change impact (Schleussner et al., 2016). However, little
understanding exists about the timing of crop-climate departure from historical trends and
especially those instances that could affect crop growth suitability and planting season in
West Africa in the future. There is a need to understand and predict the timing of crop-
climate departure(s) from historical variability and further investigate its impact on crop
suitability growth and planting season over West Africa. This will help in the urgency of
implementing adaptation responses to the impacts of crop-climate departure on crop growth
suitability and planting season in future climate over the region and to inform policymakers

on the appropriate adaptation response.

1.7 Aim and objectives

1.7.1 Aim

This research investigates the time when crop-climate thresholds are reached in the future
called crop-climate departure. Hereafter, the concept of crop-climate departure is applied to
examine future changes in crop suitability and planting season over West Africa. Hence, the
aim of this research is to investigate the spatio-temporal effects of projected climate on

future crop suitability over West Africa.
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1.7.2 Objectives

The aim of this research will be achieved through 3 sets of objectives. Therefore, the

objectives of this research are to:

define crop—climate departure in West Africa for improved understanding of the

timing of future changes in crop suitability

determine the projected impact of crop-climate departure on spatio-temporal

characteristic of crop suitability and planting season over West Africa

investigate the impact of the projected Global Warming Levels, GWLs (1.5, 2.0 and

3.0) on crop suitability and planting season over West Africa.

1.8 Research Questions

The objectives of this research shall be achieved through the following questions:

What is crop-climate departure and how do we assess the impact on crop suitability

changes over West Africa?

What is the projected impact of crop-climate departure on spatio-temporal

characteristic of crop suitability and planting season over West Africa?

How will the projected Global Warming Levels, GWLs (1.5, 2.0 and 3.0) influence

Crop suitability and Planting season over West Africa?

The concept of crop-climate departure is not trivial as it entails addressing the interaction

between the climate and cropping system which may not be linear (Ramirez-Villegas,

Jarvis & Lé&derach, 2013). Crop-climate departure which involves the interaction between

the climate system (climate departure) and changes in crop suitability threshold is not

simply linear as crop departure is not necessarily dependent on climate departure alone.
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This is because the process also involves other biophysical factors such as crop thresholds,
soil, environmental factors other than climate alone. For example, a departure in climate
regime is not necessarily related to a departure in cropping system. At the same time a

cropping system could radically change as a response to a marginal climate change.

Consequently, to define the concept of crop-climate departure, appropriate methods and
technique suitable for such interaction must be used. Thus, in this study, a combination of
methodologies that involves both climate and crop model simulations were used. For
instance, an index that gives an indication of the year when a climate variable exceeds the
bounds of historical variability for a location was developed by Mora et al. (2013) to
describe timing of projected climate departure globally. This has been used to define
climate departure as unprecedented increase in global mean temperature and the identify
the time of deviation from historical variability across the globe (see Mahlstein, Daniel &
Solomon, 2013; Mora et al., 2013). Several crop models have been developed with varying
strengths and limitations in their applications. The Ecocrop model developed by Hijmans
(2001) has been widely used. Studies have shown the model to be reliable in identifying
and understanding crop suitability spatial distribution.(see Ramirez-Villegas, Jarvis &
Laderach, 2013). A good advantage of employing a combination of models is that such
methods does not lie only in their individual capability but also in how their combination
can be employed to define the concept of crop-climate departure. Thus, this research

employs the combination of different methods in tackling the objectives of this study.

The use of this different time period for chapter 3 and 4 is to understand the impact of the
concept of crop-climate departure across timescale, from near future to end of century over
West Africa while in chapter 4 it was to evaluate the impact of the different global warming
levels on the key crops over the region to aid adaptation. Furthermore, we used different

time-horizon and global warmings levels in chapters 3 and 4 respectively to provide
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information on the impact of crop-climate departure (CCD) on crop suitability and planting
season for planning and adaption strategies owing to the high exposure and low adaptive
capacity of the region to increasing global warming. The same 10 CMIP5 GCMs ensemble
models were used for the analyses of Chapters 3 & 4. We use RCA4 in the two studies
being the only RCM in the CORDEX experiment that downscale the 10 CMIP5 GCM:s.
Statistical and trend analyses were also employed to examine the robustness and trend of
change. Further details about the station and simulation data, Ecocrop and analysis are

discussed in the data and methodology section of chapters 2-4 for each objective.

1.9 Thesis outline

The thesis is structured in five chapters but chapters 2-4 follows a journal article format. It
is worth stating that the first and second chapter of the dissertation has been published and
the fourth is under review. Each article includes an introduction where appropriate literature
is discussed. For coherence, whenever a result is referred to in the previous chapter, it will

be cited according to the article reference.

Though the chapters are individually written, they all feed into a broader scope of my
research dissertation of defining and understanding the spatio-temporal characteristics of
crop departure in projected climate in West Africa. Each article builds on the previous

result in addressing these specific questions.

Chapter 1 provides background and an introduction of the study. It presents the structure,

the aim and objectives of the thesis.

Chapter 2 defines the concept of crop-climate departure as a crop realisation of climate

departure from historical variability. This chapter explores the definition of crop-climate

departure and employs the concept to characterize the suitability of different crops across
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three weather stations which are a representation three AEZs of West Africa. This chapter

addresses objective 1.

Chapter 3 assesses the future impact of climate departure from historical variability on
crop suitability and planting month over West Africa. This chapter applies and employs the
concept of crop-climate departure on five different crop types to highlights how climate
departure might influence the suitability and planting date of the different crop.
Recognising the consequent impact of climate departure over the region, the chapter
highlights the sensitivity and trend of each crop type in terms of suitability and period of
planting for the crops and its impact on socio-economy of the region and trade. This chapter

addresses objective 2.

Chapter 4 describes projected changes in suitability and planting across three Global
Warming Levels, GWL1.5°C, GWL2.0°C and GWL3.0°C. The chapter highlights the
importance of recognising and limiting global warming to less than 1.5°C to improve food

security over West Africa. This chapter, therefore, addresses objective 3.

Chapter 5 reflects on previous chapters and summarises the main findings. It then
synthesises the research findings and constructs emerging conclusions about crop-climate
departure. Finally, it proposes future work to further consolidate and advance knowledge in

this study area.
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This next chapter prepares the stage for the PhD study by defining the concept of crop-
climate departure as a crop realisation of climate departure from historical variability. This
chapter explores the definition of crop-climate departure and employs the concept to
characterize the suitability of different crops across three weather stations which are a

representation three AEZs of West Africa. This chapter addresses objective 1.
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CHAPTER 2

Defining Crop—climate Departure in West Africa: Improved Understanding of the
Timing of Future Changes in Crop Suitability

What is crop-climate departure and how do we assess the impact on crop suitability

changes over West Africa?

Specific Questions

How do we define crop-climate departure?
How do we characterize crop departure using the concept of crop-climate departure?

What are the projected changes of crop suitability and planting across the three selected
stations across the West African AgroEcological Zones?

This chapter has been published as : Egbebiyi, T.S.; Crespo, O.; Lennard, C. 2019.
Defining Crop—climate Departure in West Africa: Improved Understanding of the Timing
of Future Changes in Crop Suitability. Climate, 7(9):1-19. doi:10.3390/cli7090101.
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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 MIROCS5 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
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2.1. Introduction

The livelihood and economies of most Sub Saharan African (SSA) countries are driven by
rainfed agriculture (Omotosho & Abiodun, 2007; Roudier et al., 2011; Diasso & Abiodun,
2017). About 96% of agricultural lands in SSA are rainfed (World Bank Report., 2009;
Roudier et al., 2011). Agriculture employs over 65% of the active labour force of the
region, the majority of whom are practicing subsistence rainfed farming (Blein et al., 2008).
The agricultural sector is also responsible for 75% of SSA domestic trade (McCarthy, J et
al., 2001; World Bank Report., 2013). It adds significantly to the economy of the region by
contributing up to 15%—-20% to the Gross Domestic Product (GDP) (Benhin, 2008; World
Bank Report., 2009; Schlenker & Lobell, 2010; Roudier et al., 2011). In 2000, about 80%
of the cereals consumed in SSA were domestically produced locally (World Bank Report.,
2009). 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 (Slingo et al., 2005; Abatan, 2011; Roudier
et al., 2011; Knox et al., 2012). 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 could become a determinant threat to agricultural production.
Thus, food security and socio-economic activities across the region may be affected
(Grolle, 1997; Tarhule & Woo, 1997; Challinor et al., 2007; Paeth et al., 2011; Rippke et
al., 2016).

Climate strongly affects rainfed agriculture with direct consequences on food security
(Pretty, Morison & Hine, 2003; Hansen, Sato & Ruedy, 2012; Sultan & Gaetani, 2016).
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 (Lobell et al., 2008; Roudier et al.,
2011; Knox et al., 2012; Zinyengere, Crespo & Hachigonta, 2013; Sultan & Gaetani, 2016).
Extreme changes in climate are projected to increase (IPCC, 2013), 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 (World Bank Report.,
2010; Egbebiyi, 2016). The fifth Intergovernmental Panel on Climate Change (IPCC)

assessment reported a projected warming across the different seasons over SSA to be larger
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than the global annual mean temperature increase (IPCC, 2013). 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 (IPCC, 2013;
World Bank Report., 2013). 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 (Challinor et al., 2013) .

The definition of departure varies across disciplines. Broadly, a departure refers to a
deviation or variation from a norm, standard rule, or behavior. 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 (Hawkins &
Sutton, 2012; Mora et al., 2013; Vermeulen et al., 2013). Mora et al. (Mora et al., 2013)
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 (McCarthy et al., 2002).

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 (Porter &
Semenov, 2005; Lobell, Schlenker & Costa-Roberts, 2011). Challinor et al. (Challinor et
al., 2014), 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
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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. (2013)
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.
2.2. Data and Methods

2.2.1. Study Area

The demonstration area for this work is West Africa (Figure 2.1), 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, Mali, Mauritania, Niger, Nigeria, Senegal, Sierra
Leone, and Togo. It is divided into three AEZs: Guinea (4-8'N), Savanna [8-12°'N], and the
Sahel (12-20°N) (Abiodun et al., 2012; Egbebiyi, 2016). The temperature increases to the
north of the region, while precipitation increases towards the south (Abiodun et al., 2012;
Egbebiyi, 2016; Klutse et al., 2018). 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 (Abiodun et al., 2012; Sultan & Gaetani, 2016). The
WAM is an important and dynamic characteristic of the West African climate during the
summer period (Janicot et al., 2011). 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 (Janicot et al., 2011; Egbebiyi, 2016). It is the major system
that influences the onset, variability, and pattern of rainfall over West Africa (Omotosho &
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Abiodun, 2007; Nicholson, 2013). 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 2.1: West African topography and the three main climatic zones from Food and
Agriculture Organizations (FAO)- Agro-ecological zones (AEZs): the Guinea, Savanna,
and Sahel zones (Abiodun et al., 2012; Egbebiyi, 2016).

2.2.2. 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. The crop suitability time series were simulated based on
output from the Ecocrop suitability model (Hijmans et al., 2001) and the modelled climate

data.
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2.2.2.1. 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 (Cong &
Brady, 2012; Mastrandrea, Mach, Barros, Bilir, Dokken, Edenhofer, Field, Hiraishi,
Kadner, Krug, Minx, Madruga, et al., 2015). These two climate variables also have a
significant effect on crop yield (Medori et al., 2012). While rainfall affects the crop
production in relation to its photosynthesis activities and leaf area, temperature affects the
length of the crop growing season (Olesen & Bindi, 2002; Cantelaube & Terres, 2005). 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. We only used one
station for each AEZs based on the available data at the time of the analysis and being the
most suitable for the study objective. For the study, we used four statistically downscaled
and bias corrected Global Climate Models (GCMs) in our analysis (CCCMA, CNRMD5,
GFDL, and MIROC) under a high-end climate change emission scenario (no adaptation),
RCP8.5 (See Table 2.1 for a description of the model). The GCMs were statistically
downscaled using the Conditional Interpolation method as described in Hewitson and
Crane (Hewitson & Crane, 2005). 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://lwww.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.
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Table 2.1: 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 CCCMA CanESM2 2.8°x2.8°
analysis

Centre National de Recherches Meteorolo- CNRMCERFACS CNRM-CM5 1.4°x 1.4°

Giques/Centre Europeen de Recherche et
Formation Avanceesencalcul scientifique

National Oceanic and Atmospheric NOAAGDFL GFDL_ESM2M 2.5° x2.0°
Administration Geophysical Fluid Dynamic
Laboratory

Japan agency for Marine-Earth Science and

Technology
MIROC MIROCS5 14°x1.4°

2.2.2.2. 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 (Hijmans et al., 2001; Ramirez-Villegas, Jarvis & L&aderach, 2013).
The climate threshold hosted by FAO dataset was extracted from the “dismo” package of
the cran R software (Hijmans et al., 2017) (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 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 2.2.
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Table 2.2: Crop growth thresholds for eight crops as generated by the Ecocrop model.

Crop Name Growing
duration
(days) Temperature (°C) Rainfall (mm)
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 3000 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.

2.2.2.3. Model Description

The Ecocrop model is a crop suitability model. It uses a crop growth suitability threshold
dataset hosted by the FAO (Hijmans et al., 2001). It is an empirical model originally
developed by Hijmans et al. (Hijmans et al., 2001) and based on the FAO-Ecocrop database
(Ramirez-Villegas, Jarvis & Laderach, 2013) (Figure 2.2). 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.
(Hijmans et al., 2001) (Figure 2.2). 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
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suitable), 0.25 < 0.5 (marginally suitable), 0.5 < 0.75 (suitable), and 0.75 < (highly
suitable) (Ramirez-Villegas, Jarvis & Laderach, 2013; Hunter & Crespo, 2018). 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
(Ramirez-Villegas, Jarvis & Laderach, 2013; Vermeulen et al., 2013; Challinor et al., 2014;
Rippke et al., 2016). A paucity of data over regions of interest like SSA limits the
validation of these processes (White et al., 2011).

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 2 (a) and (b) 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.
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Figure 2.2: (a) two dimensional and (b) three dimensional diagram describing climate
thresholds and its translation into crop suitability (Adapted from Ramirez-Villegas, Jarvis
& Laderach, 2013)
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2.2.3. 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 (Ramirez-Villegas, Jarvis & Léderach, 2013)
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 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.
2.3. Results

2.3.1. 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 2.3 and 2.4). 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 moderate correlation may be due to the low resolution of the GCMs in capturing the

total monthly rainfall in the Guinea zone. However, the moderate correlation between the
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model and station over the Guinea AEZ does not undermine the large-scale vision of this

study. The validated GCM data was then input into the Ecocrop model.
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Figure 2.3: Mean monthly temperature (°C) as depicted by station observations and
statistically downscaled CMIP5 GCMs (CCMA, CNRM5, 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.

30

YNDD

NHND

1a49

20dIN



Magaria Sokode Tabou
1000 -
r=0.67 r=0.72 r=0.35
750 -
500

250 -

1000 -
750 -
500 -

250 -

1000 -

precipitation

750 -

500 -

250 -

1000 -

750 -

500~

250-

1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 250 500 750 1000 0 250 500 750 1000 0O 250 500 750
0OBS

Figure 2.4: Total monthly rainfall (mm/month) as depicted by station observations and
statistically downscaled CMIP5 GCMs (CCMA, CNRM5, 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.

2.3.2. 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
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considered in the study. For example, cassava shows a similar suitability pattern across the
AEZs (Figure 2.5). 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 (Benhin, 2008; Paeth, Capo-Chichi & Endlicher, 2008).
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Figure 2.5: 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 2.5). The Guinea AEZ is
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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 (Brown & de Beurs, 2008; Butt et al., 2011;
Vrieling, De Leeuw & Said, 2013).

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 2.5, 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 the crop suitability index values is given in Table 2.3.
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Table 2.3: 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’AEZ  GUI SAV SAH GUI SAV SAH GUI SAV SAH GUI SAV SAH GUI SAV SAH

S

Cassava >0.75 >0.75 <0.25  >0.75 >0.75  <0.25 >0.75 >050 <025 >0.75 <0.50 <025 >0.75 <050 <0.25

Maize <0.50 >0.50 <0.75  <0.50 >0.50  0.50-0.75 <050 >050 >0.50  <0.50 >0.50 >050 <050 >0.75 >0.75

Mango 0.50— 1.00 <0.75  0.50-0.75 1.00 <0.75 050— >0.75 >0.75  0.50- >0.75 0.75 050—  >0.75 0.75

0.75 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 — <025 >0.75  0.50- <0.25
0.75 0.75

Pearl millet  >0.75 >0.50 >050  >0.75 >0.50  >0.50 >0.75 >0.50 >050  >0.75 >0.50 >050 >0.75  >0.50 >0.50

Pineapple >0.75 >0.75 <0.5 >0.75 <050  <0.50 >0.75  >0.75  0.50 >0.75 0.50 — <050 >0.75 <050 <0.50
0.75

Plantain 1.00 >0.75 0.00 1.00 >0.75  0.00 >0.75 <075  0.00 >0.75 <0.75 0.00 >0.75  <0.50 0.00

Tomato >0.75 >0.25 <0.5 >0.75 >050 <05 >0.75  >0.50 <05 <0.75 <0.50 <025 <075 <050 <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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2.3.3. 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 (Figure 2.6 and 2.7). 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.
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Figure 2.6: Ensemble crop suitability plots in the past climate (1960-2010) for cassava,

maize, orange, and pineapple.
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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 (Dixon, Gulliver & Gibbon., 2001; Alliance

for Green Revolution in Africa (AGRA), 2014). 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 (Bationo et al., 2006; Alliance for Green Revolution in Africa (AGRA), 2014). 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 (FAOSTAT, 2014; Sultan &
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Gaetani, 2016). 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 (Mason, Maman & Palé, 2015; Singh et al., 2017). 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 (Barrett & Browne, 1996; TAKANE, 2004). 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?
2.3.4. 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 2.8 and 2.9). 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 2.7).
Conditions for pearl millet will remain highly suitable (Figure 2.9), although the SIV for

mango will decline post 2020.
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Figure 2.8: Ensemble crop suitability plots in the past climate (1960-2010) for mango, pearl
millet, plantain, and tomatoes.
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Figure 2.9: Projected model ensemble suitability over West Africa between 1960-2100 for
mango, pearl millet, plantain, and tomatoes.

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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2.4. Discussion

2.4.1. 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 (Porter & Semenov, 2005; Solomon et al.,, 2007). 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
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improved/hybrid seedlings of the crop projected to decline that can withstand the variability

in climate, this improved suitability may be considered another option.

2.4.2. 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
(Challinor et al., 2014; Rippke et al., 2016). 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 (Wheeler & von Braun, 2013;
Rippke et al.,, 2016). 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 (Ramirez-Villegas &
Thornton, 2015), 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 (Challinor et
al., 2014). 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 (Porter & Semenov,

2005), or a shift of cassava or pineapple cropping into the Guinea AEZ due to reduced
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rainfall and the crops ability to withstand drought (Porter & Semenov, 2005; Jarvis et al.,
2012b; Wheeler & von Braun, 2013; Rippke et al., 2016) 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 (Wheeler & von Braun, 2013). Adaptation measures may then
be prioritized for individual countries in response to the predicted changes (Porter &
Semenov, 2005; Lobell, Schlenker & Costa-Roberts, 2011), 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.

2.5. 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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This next chapter assesses the impact of crop departure from historical variability on crop
suitability and planting month over West Africa. This chapter applies and employs the
concept of crop-climate departure on five different crop types to highlights its influence on
the spatial variability of crop suitability and planting date of the different crops in projected
climate. Recognising the consequent impact of crop-climate departure over the region, the
chapter highlights the sensitivity and trend of each crop type in terms of suitability and
period of planting for the crops and its impact on socio-economy of the region and trade.
This chapter addresses objective 2 of the theses.
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CHAPTER 3

Assessing Future Spatio-Temporal Changes in Crop Suitability and Planting Season
over West Africa: Using the Concept of Crop-Climate Departure

What is the projected impact of crop-climate departure on spatio-temporal characteristic of
crop suitability and planting season over West Africa?

Specific Questions

How will crop-climate departure influence crop suitability over West Africa?

How will the planting season for different crop types be affected over West Africa under
crop-climate departure?

What will be the trend of change in projected crop suitability and planting season over West
Africa by the end of century?

This chapter has been published as: Egbebiyi, T.S., Lennard, C., Crespo, O. ,Mukwenha, P,
Shakirudeen, L, Quagraine, K. 2019. Assessing Future Spatio-Temporal Changes in Crop
Suitability and Planting Season over West Africa: Using the Concept of Crop-Climate
Departure. Climate. 7(9):1-30. DOI: doi:10.3390/cli7090102
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Abstract

The changing climate is posing significant threats to agriculture, the most vulnerable sector,
and the main source of livelihood in West Africa. This study assesses the impact of the
climate-departure on the crop suitability and planting month over West Africa. We used 10
CMIP5 Global climate models bias-corrected simulations downscaled by the CORDEX
regional climate model, RCA4 to drive the crop suitability model, Ecocrop. We applied the
concept of the crop-climate departure (CCD) to evaluate future changes in the crop
suitability and planting month for five crop types, cereals, legumes, fruits, root and tuber and
horticulture over the historical and future months. Our result shows a reduction (negative
linear correlation) and an expansion (positive linear correlation) in the suitable area and crop
suitability index value in the Guinea-Savanna and Sahel (southern Sahel) zone, respectively.
The horticulture crop was the most negatively affected with a decrease in the suitable area
while cereals and legumes benefited from the expansion in suitable areas into the Sahel zone.
In general, CCD would likely lead to a delay in the planting season by 2-4 months except
for the orange and early planting dates by about 2-3 months for cassava. No projected
changes in the planting month are observed for the plantain and pineapple which are annual
crops. The study is relevant for a short and long-term adaptation option and planning for
future changes in the crop suitability and planting month to improve food security in the
region.

Keywords: crop-climate departure; Ecocrop; crop suitability; planting month; CORDEX;
West Africa
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3.1 Introduction

The West African region has been identified as one of the hotspots with high susceptibility
and vulnerability to the impact of climate change and global warming (IPCC, 2013). For
example, the global climate is projected to be above 1.5 °C above the pre-industrial level in
the next decade (Kirtman et al. et al., 2013). An increase in temperature between 3 °C and 6
°C coupled with a rise in the rainfall variability is projected into the future over West Africa
from the AR5 report (Riede et al., 2013). Most countries in West Africa heavily rely on
agriculture, which is predominantly rainfed, as an important and significant contributor to
their economies. It accounts for over 16% of the Gross Domestic Product (GDP) of the
region’s economy and employs over 60% of the labour force (Benhin, 2008; Schlenker &
Lobell, 2010; Roudier et al., 2011). Additionally, West Africa has accounted for about 60%
of the total value of the agricultural production in the continent for about 24 years
(OECD/FAO, 2016). However, the region has been identified as a hotspot to climate change
impacts in the recent time owing to its reducing yields in the total agricultural production
since 2007 in comparison to other sub-regions on the continent (OECD/FAOQ, 2016). Current
trends show that there may be further decreases in yields especially in the face of increasing
warming and droughts which may lead to food insecurity over the region (Nelson et al.,
2009, 2014; Ray & Foley, 2013).

Findings from the Intergovernmental Panel on Climate Change (IPCC) fifth Assessment
Report (AR5) shows widespread impacts from the changing climate to the historical month
across all continents (Field et al., 2014). The report reveals a high exposure to climatic
events and a low adaptive capacity of the African continent makes it one of the most
vulnerable regions of the world. Agriculture is the main economic sector in Africa and has
been described as the most vulnerable sector to the climate change impact with a great threat
to the farming systems, crop production and food security at any level (Challinor et al.,
2007; Rurinda et al., 2014; OECD/FAO, 2016; Williams et al., 2018). For example, past
studies (e.g. Ramirez-Villegas et al., 2011; Jalloh et al., 2013; Sultan et al., 2014; Parkes et
al., 2018) have shown the impact of climate change on crop production and yield in Africa

and West Africa in particular using different crop models. Sultan et al. (Sultan et al., 2014)
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showed the decrease in the mean yield of sorghum cultivars due to the impact of climate
change resulting from variation in the rainfall pattern and increasing temperature. Jalloh et
al. (Jalloh et al., 2013) revealed that the impact of climate change will badly affect the
production of major staple crops in West Africa particularly sorghum and groundnut in the
Sahel. Moreover, Roudier et al. (Roudier et al., 2011) combining the result of 16 published
studies, showed that the projected impact of climate change on the crop yield over most
African countries is negative (about 11%) with variations among crops, regions and
modelling uncertainties posing the challenge for robust assessment of future yields at the
regional scale. Further changes in the climate are expected in Africa over the next decades
(IPCC, 2013), as projections suggest a threat to food security due to the likely increase in
climate variability over the next decades in Sub-Saharan Africa (SSA) (OECD/FAO, 2016).
As a result, impacts from the changing climate varies from subsectors among regions and
different countries in SSA including West Africa but may be more detrimental to the West
African region owing to its high susceptibility and low adaptive capacity with further
warming (Adger, 2003; Williams et al., 2018).

The increase in global warming will lead to a new climate regime with a deviation from
historical variability with a variation in the timing of emergence for different regions of the
world called the climate departure (Hawkins & Sutton, 2012; Mora et al., 2013). For
instance, Mora et al. (2013) found that the mean temperature over West Africa will move
outside the bounds of historical variability about two decades earlier before the global mean
temperature thus making the region a hotspot of climate departure due to the impact of the
global warming. On this premise and its direct consequence on rainfed crop production in
West Africa, Egbebiyi et al. (2019) explored the climate change induced crop realizations of
the climate departing from historical variability, developed and proposed the concept called
the crop-climate departure (CCD) in the context of recent climate historical variability and
future climate projections. The study defines CCD “as a departure from historical crop
suitability threshold, whether in terms of variability, mean or both, over a location both in
space and in time resulting from climate change (whether radical climatic change or not)”
(Egbebiyi, Crespo & Lennard, 2019). This concept was used to characterize crop suitability

across the three agro-ecological zones (AEZs) of West Africa. However, the CCD concept
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was only tested and applied using three weather stations, within the three AEZs of West
Africa. Although these stations are a representation of the three AEZs, nevertheless these
cannot be generalized for the entire region, hence there is a need to examine how CCD at
different climate windows, near the future (2031-2050) till end of the century (2081-2100)
will affect crop suitability over the region using the concept of CCD.

Based on our definition and understanding on CCD, the aim of this present study is to
examine the impact of CCD from the historical variability on future changes in crop
suitability and month of planting over the entire West African region. 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 the future are in Sections 4 and

5, respectively.
3.2. Data and Methodology

3.2.1. Study Area
The West African (shown in Figure 1) region comprises of 15 countries namely Benin,

Burkina Faso, Gambia, Ghana, Guinea Bissau, Guinea, Ivory Coast, Liberia, Mali,
Mauritania, Niger, Nigeria, Senegal, Sierra Leone and Togo. It is geographically located at
latitude 4-20 °N and 16 °W-20 °E and has rainfed agriculture as its mainstay economy. The
region can be divided into three Food and Agriculture Organization (FAO) agro ecological
zones (AEZs) namely, Guinea (4-8 °N), Savanna (8-12 °N) and the Sahel (12-20 °N)
(Abiodun et al., 2012; Egbebiyi, 2016). The region also has some localized highlands
(Cameroon Mountains, Jos Plateau, and Guinea Highlands) which influence its climate. The
climate of the region is mainly controlled by the West African Monsoon (WAM) which
accounts for about 70% of the annual rainfall (Abiodun et al., 2012; Sultan & Gaetani,
2016). WAM is an important and dynamic characteristic of the West African climate during
the summer month (Janicot et al., 2011).WAM 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. It is characterized by winds that blow south-westerly during
warmer months (June—September) and north-easterly during cooler months (January—March)
of the year (Janicot et al., 2011; Egbebiyi, 2016). It is the major system that influences the
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onset, variability and pattern of rainfall over West Africa (Omotosho & Abiodun, 2007;
Nicholson, 2013). It alternates between wet (April-October) and dry seasons (November—
March) as the rainfall belt follows the migration of Inter-Tropical Discontinuity (ITD)
(Klutse et al., 2018) and thus affects the rainfall producing systems with an impact on the

rainfed agriculture and influences crops suitability and food production in the region.

3.2.2. Data

3.2.2.1. Historical and Future Climate Datasets
For this study, three datasets were used as observations of the present-day climate and the

locations where crops are grown as observed from the crop suitability model, Ecocrop
output, and modelled simulations of the present and projected crop suitability driven by the
observed and projected climate data. The observation dataset was the 0.5° x 0.5° resolution
monthly precipitation and minimum and mean temperature gridded dataset for the month of
1901 to 2016 obtained from the Climate Research Unit (CRU TS4.01 version, land only)
University of East Anglia (Harris et al., 2014). This was used to evaluate the available bias
corrected RCMs forced by the 10 CMIP5 global climate models. The bias-corrected climate
data were obtained from the Swedish Meteorological and Hydrological Institute, Link6ping,
Sweden. The modelled climate data were used as inputs into the crop suitability model,
Ecocrop (Hijmans et al., 2001). For this study, five different crop types namely; cereals
(maize, pearl millet and sorghum), root and tuber (cassava, plantain and yam), legumes
(cowpea and groundnut), horticulture (pineapple and tomato) and fruit (mango and orange)
were selected based on the FAO 2016 statistics and their economic importance in the region.
These different datasets are defined in the sub-sections below.

Temperatures and rainfall are important climate variables used in determining the impacts of
climate change at different scales (Cong & Brady, 2012; Mastrandrea, Mach, Barros, Bilir,
Dokken, Edenhofer, Field, Hiraishi, Kadner, Krug, Minx, Pichs-Madruga, et al., 2015).
These two climate variables have a significant effect on crop yield (Abbate et al., 2004;
Medori et al., 2012). While rainfall affects crop production in relation to the photosynthesis
and leaf area, the temperature affects the length of the growing season (Olesen & Bindi,
2002; Cantelaube & Terres, 2005). For this study, we used the bias-corrected mean monthly
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minimum temperature (tmin), mean monthly temperature (tmean) and total monthly
precipitation (prec). Data from 10 CMIP5 GCMs downscaled by SMHI-RCA4 are used as
input into the crop suitability model (Table 1). We used the RCP8.5 emission scenario for
the analysis to investigate the impact of CCD from the historical variability on the crop
growth suitability and month of planting over West Africa. We used RCP8.5 because it
seems the most realistic emission scenario as seen from the greenhouse gas emission
trajectories in comparison to other scenarios and also has the largest simulation ensemble
members (Abiodun et al., 2018).
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Table 3.1:List of dynamically downscaled Global Climate Models (GCMs) used in the study.

Modelling Institution

Canadian centre for climate modelling and
analysis

Centre National de Recherches Meteorolo-
Giques/Centre Europeen de Recherche et
Formation Avanceesencalcul scientifiqu

Commonwealth Scientific and Industrial
Research Organisation in collaboration with
the Queensland Climate Change Centre of
Excellence

NOAA geophysical fluid dynamic laboratory
UK Met Office Hadley centre
EC-EARTH consortium

Institute Pierre-Simon Laplace

Japan agency for Marine-Earth Science and
Technology

Max Planck institute for meteorology

Norwegian climate centre

Institute ID

CCCMA

CNRMCERFACS

CSIRO-QCCCE

NOAAGDFL

MOHC

EC-EARTH

IPSL

MIROC

MPI

NCC

Model Name

CanESM2

CNRM-CM5

CSIRO-Mk3.6.0

GFDL_ESM2M

HadGEM2-ES

ICHEC

IPSL-CM5A-MR

MIROC5

MPI-ESM-LR

NorESM1-R

Resolution

2.8°x2.8°

1.4°x1.4°

1.875° x 1.875°

2.5°x20°

1.9°x1.3°

1.25° x 1.25°

1.25° x 1.25°

1.4°x1.4°

1.9°x19°

2.5°x1.9°

3.2.2.2. Ecocrop—A Crop Suitability Model
The Ecocrop model is a crop suitability model. It uses a crop growth suitability threshold

dataset hosted by the FAO (Hijmans et al., 2001). It is a simple mechanistic and empirical

model originally developed by Hijmans et al. (Hijmans et al., 2001) and based on the FAO-

Ecocrop database (Ramirez-Villegas, Jarvis & Léaderach, 2013). It is designed at a monthly
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scale with the ability to analyse the crop suitability in relation to the climate conditions over
a geographical location (Hijmans et al., 2001; Ramirez-Villegas, Jarvis & Ldaderach, 2013).
Ecocrop employs environmental ranges of a crop coupled with numerical assessment of the
environmental condition to determine the potential suitable climatic condition for a crop.
The suitability rating can be linked to the agricultural yield which is partly dependent on the
strength of the climate signal in the agricultural yield (Ramirez-Villegas et al., 2011) 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 the 12-month climate via t-
min, t-mean and prec. (Hijmans et al., 2001). 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 < 0.20
(not suitable), 0.20 < 0.4 (very marginally suitable), 0.4 < 0.6 (marginally suitable), 0.6 < 0.8
(suitable), and 0.8 < 1.0 (highly suitable) (Ramirez-Villegas, Jarvis & Ldaderach, 2013;
Hunter & Crespo, 2018). The default Ecocrop parameters were assumed. Although those
thresholds may vary with different geographical and/or climatic conditions, previous studies
have reported a close correlation between the Ecocrop model and the climate change impact
projections from other crop models (Ramirez-Villegas, Jarvis & Laderach, 2013; Vermeulen
et al., 2013; Challinor et al., 2014; Rippke et al., 2016). A paucity of data over regions of
interest like SSA limits the validation of these processes (White et al., 2011). Nevertheless,
the method contributes to the demand for the regional scale assessment of the crop response

to future climate projections.

3.2.3. Methods

10 CMIP 5 GCMs datasets downscaled by CORDEX RCM, RCAA4, were analyzed to assess
the impacts of CCD from the historical variability on crop suitability and planting season
over West Africa for five different crop types, cereal (maize, pearl millet and sorghum), fruit
(mango and orange), horticulture (pineapple and tomato), legume (cowpea and groundnut)
and root and tuber (cassava, plantain and yam). The RCA4 simulation output for the monthly
minimum and mean temperature and total monthly precipitation was used as input into
Ecocrop, a crop suitability model. Using a 20-year moving average at five-year time steps,

we computed the Suitability Index Value (SIV) for each crop across the 10 downscaled
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GCMs over West Africa. The Ecocrop suitability output were then used to assess the impact
of global warming through CCD from the historical variability on the crop suitability and
planting season over a month 1951-2100. Across the agro-ecological zones (AEZs) of West
Africa. After the simulation, we computed the mean of the best three consecutive suitability
index and best three months of planting window within the growing season across each grid
point over the region for the historical and future month. Before examining the RCM-
projected changes in the future crop suitability and planting season, we evaluated the
capability of the models in simulating the crop suitability spatial distribution and planting

date/season during the reference month (1981-2000).

A statistical tool, Theil-Sen estimator or Sen’s slope was used to calculate the trend of
change across the three windows compared to the historical month (Theil, 1950; Sen, 1968).
This was used to assess the trend of change in crop suitability and month of planting at each
global warming levels for each crop. Theil-Sen slope estimator is non-parametric,
compatible with the Mann-Kendall test and applied in estimating the magnitude of trend. It
is more robust and can detect significant trends (Ohlson & Kim, 2015). Previous studies

(Wilcox, 1998; Peng, Wang & Wang, 2008) have used the method in calculating trends.

3.2.3.1. Simulation Approach and Analysis of suitability

Past studies (e.g. Gbobaniyi et al., 2014; Egbebiyi, 2016; Klutse et al., 2016; Abiodun et al.,
2017) have evaluated the performance of the RCA4 historical data against the CRU dataset
in the past climate. Their results showed that there is a good agreement with a strong
correlation (r > 0.6) between the CRU dataset and RCA4 monthly simulated past climate
data for both the temperature and precipitation over West Africa. For example, the model
replicates the CRU north-south temperature gradient that concurs with previous findings by
(Gbobaniyi et al.,, 2014). Additionally, the RCA4 simulated total monthly rainfall
realistically captures the essential features namely, both the zonal pattern and meridional

gradient and the rainfall maxima over high topography (i.e. Cameroon Mountains and
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Guinean Highlands) as observed in CRU which agrees with previous findings by (Egbebiyi,
2016; Klutse et al., 2016; Abiodun et al., 2017). The performance of RCA4 in simulating the
essential features of West African climate variables, temperature and rainfall, and doubles as
the needed input variables for the crop suitability model, Ecocrop makes it suitable and gives

confidence in the use of the RCA4 for the crop suitability simulation over the region.

In addition, we compare the Ecocrop simulation over the region with the MIRCA2000
annual harvested area around year 2000 from the global monthly gridded data as described
by (Portmann et al., 2010) for six crops, cassava, maize, groundnut, sorghum, millet and
plantain available in the MIRCA2000 dataset. The MIRCAZ2000 dataset provides monthly
irrigated and rainfed crops area for 26 crop classes for each month of the year around year
2000 with a spatial resolution about 9.2 km. We compare the spatial agreement between the
Ecocrop simulation and MIRCA2000 by using an overlap in the spatial agreement between
the two datasets. Although, we admit the short time length of the MIRCA dataset however, it
is a useful gridded dataset that has been used to provide information on the crop harvested
area across different regions of the world (Portmann et al., 2010) and will be useful to
evaluate the simulated Ecocrop spatial suitability distribution at present due to the paucity of
the suitability dataset across the globe. To see the overlap and area of agreement in the
spatial suitability output of the two datasets, we set the MIRCA2000 annual harvested area
dataset as one (1) and the Ecocrop simulated suitable area suitability index value from 0.2
(SIV > 0.2) as two (2). Where the two datasets agree as three (3). The output shows a good
agreement between the Ecocrop and MIRCA2000 data for the examined crops with a strong
spatial correlation (r > 0.7) (Figure 2). This gives some level of confidence in the use and

performance of the Ecocrop simulation over the region.
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Figure 3.1: A simulated spatial distribution of the crop harvested area and suitability over West
Africa for the year 2000 as simulated by the MIRCA2000 dataset and Ecocrop, respectively. The blue
area (represented by 1) are the crop harvested area around the year 2000 as simulated by the
MIRCA2000 dataset while the yellow colour represents the suitability index value above(.2 (SIV >
0.2) which is represented by two. The red colour represents the area where the two datasets agree as
denoted by three. The number at the left-hand corner represents the spatial correlation (r > 0.7)
value between the two datasets. The red colour depicts in Fig. 3.1a-3.1f depicts harvested and
suitable areas as simulated by MIRCA2000 and Ecocrop from cassava to sorghum respectively. The
blue colour depicts MIRCA2000 simulated harvested area only for each crop while yellow means
Ecocrop simulated suitable areas for cultivation of each crop in year 2000. The purple colour,0
depicts non harvested and unsuitable areas as simulated by both MIRCA2000 and Ecocrop for each
of the crops around the year 2000.

To assess the impact of CCD from the historical variability on the crop suitability over West
Africa, we computed the monthly climatological mean for a 20-year running month, at every
five-year timestep for the t-min, t-mean and prec. from 1951-2100. For example, the first
20-year mean computed was 1951-1970, the second 20-year mean was 1956-1975, etc.,
until the last month 2081-2100. The resulting 12-month values per the 20-year month
window was used as an input climatology into the Ecocrop suitability model as developed by

the Food and Agriculture Organization, FAO (Hijmans et al., 2001) to simulate crop
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suitability for each downscaled GCM based on the methodologies described in (Ramirez-
Villegas, Jarvis & Lé&derach, 2013). Ecocrop calculates the crop suitability values in the
response climate variables such as a monthly rainfall and temperature datasets and generates
an output with a suitability index score from zero (unsuitable) to one (optimal/excellent
suitability). It should be noted that this study did not undertake any additional ground-
truthing or calibration of the range of climate parameters preferred for either crop, therefore
the default EcoCrop parameters were assumed. Suitability index scores were calculated for
the range of climate variables reported for the historical baseline (1981-2000) future months,
near future (2031-2050), mid-century (2051-2070) and end of century (2081-2100) for the
downscaled 10 CMIP5 GCMs that participated in the CORDEX experiment.

3.2.3.2. Assessing the Robustness of Climate Change

We use two conditions (model agreement and statistical significance) to evaluate the
robustness of the projected climate change for the three future months. For the model
agreement, at least 80% of the simulation must agree on the sign of change. For the
statistical significance, at least 80% of the simulations must indicate that the influence of the
climate change is statistically significant, at 95% confidence level using a t test with regards
to the baseline years, 1981-2000. When these two conditions are met then we consider the
climate change signal to be significant. Previous studies have all used the methods to test
and indicate the robustness of the climate change signals (Abiodun et al., 2018; Klutse et al.,
2018; Maure et al., 2018; Nikulin et al., 2018).

3.3 Result

3.3.1. Crop Suitability in the Historical Climate over West Africa

The RCA4 simulated crop suitability from the observed climatology inputs (RCA4-Ecocrop)
shows a decreasing mean suitability from south to north over West Africa (north-south
suitability gradient). The spatial suitability representation reveals unsuitable or very marginal
suitability to the north in the Sahel from lat. 14°N with a low Suitability Index Value (SIV)
value between 0.0-0.4 and a higher suitability to the south in the Guinea-Savanna AEZ with
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a high SIV (0.6-1.0) sandwiched by an ash/silver suitability line called the Marginal
Suitability Line (MSL) with an SIV between 0.41-0.59. In general, the MSL are observed
around lat.14 °N in the Sahel AEZ (northern Sahel) for the simulation across the region
except for the one observed around lat. 12 °N, the boundary between the Sahel and Savanna
AEZ. The RCA4 simulation of all crop types examined, legumes (cowpea and groundnut),
root and tuber (cassava, plantain, Yam, white yam), cereals (maize, pearl millet and
sorghum) and fruit and horticultural crops (mango, orange, pineapple and tomato) shows that
all the crops are very suitable to the south of the MSL but with no or low suitability to the
north (Figure 3.2-3.5, column 1).
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Figure 3.2: Simulated spatial suitability distribution cereal crops, (maize, pearl millet and sorghum)
over West Africa for the historical period (1981-2000) (column 1) and the projected change in the
crop suitability for the near future month (2031-2050), mid-century (2051-2070) and end of century
(2081-2100) (column 2-4, respectively). The vertical strip (|) indicates where at least 80% of the
model simulations agrees on the projected sign of change while the horizontal strip (-) indicates
where at least 80% of the model simulations agree that the projected change is statistically
significant at 99% confidence level. The cross (+) indicates where the two conditions are met,
meaning that the change is robust.
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Figure 3.3: Same as Figure 3.2 but for the legume crops, cowpea and groundnut.
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Figure 3.4: Same as Figure 3.2 but for the root and tuber crops (cassava, plantain and yam)
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Figure 3.5: Same as Figure 3.2 but for the fruit crops (mango and orange) and horticultural
crops (pineapple and tomato).

Along the coastal areas, legumes and root and tuber crops are suitable along the south-west
coast of Senegal to the south-west coast of Cameroon. High SIV are observed for the root
and tuber crops, plantain and Yam in the north central part of Nigeria in the Savanna. It is
worth mentioning because the surrounding areas are observed to be unsuitable for the
cultivation of both crops. For cereals, pearl millet is suitable along the west coast of Senegal
and from the south coast Ivory Coast to the south-west coast of Cameroon. Maize is suitable
from the south coast of Ivory Coast to the south-west coast of Nigeria. Fruit and horticultural
crops are all suitable along the south coast of the Ivory Coast to the south-west coast of
Nigeria. Mango and pineapple are suitable along the west coast of Senegal to Gambia while

orange and tomato are only suitable along the west coast of Gambia.
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RCAA4 was also used in simulating the best planting months (PM) from the range of month in
a planting window within the Length of Growing Season (LGS) over West Africa for the
historical climate (Figure 3.6-3.9, column 1). LGS provides information on the start and end
of the growing season and can also assist in the simulation process of identifying the best
PM within a possible planting window in a growing season over a given location. The
simulated planting month represents the first month of the best three months of the planting
window. For example, a simulation of April means April-June is the three best PM and
varies with crop types across the three AEZs of the region. For the legumes, our simulation
shows January—July as the planting windows for cowpea and groundnut over the region
(Figure 3.7, column 1). Jan (January—March) and Feb (February—April) as the best PM for
cowpea and groundnut, respectively in the central Guinea and Savanna AEZs except over
Sierra Leone, Liberia and the south coast of Nigeria. The month of Feb (Feb-April) was
simulated as the best three planting months in the western and eastern Savanna-Sahel AEZs
for cowpea, while it was Mar (March—May) over the same area and month for the groundnut.
Along the coastal areas, July is simulated as the PM along the southwest coast from southern
Sierra Leone to Liberia and the south coast of Nigeria and April along the southwest coast of
northern Sierra Leone. For the groundnut, April is the PM along the west coast of Guinea,
while May is the PM along the west coast of Sierra Leone and northern Liberia. August and
March are the PM at the south coast of Liberia and Nigeria, respectively. The months of
December and January are the PMs along the south coast of Ivory Coast to Ghana for the

cowpea and groundnut, respectively.
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Figure 3.6: Simulated month of planting for cereals, maize, pearl millet and sorghum over
West Africa for the historical month (1981-2000) (column 1) and the projected change in
the crop planting month for the near future month (2031-2050), mid-century (2051-2070)
and end of century (2081-2100) (column 2—4 respectively). The planting is simulated from
September to August. The vertical strip (|) indicates where at least 80% of the model
simulations agrees on the projected sign of change while the horizontal strip (-) indicates
where at least 80% of the model simulations agree that the projected change is statistically
significant at 99% confidence level. The cross (+) indicates where the two conditions are
met, meaning that the change is robust.
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Figure 3.7: Same as Figure 3.6 but for the legumes, cowpea and groundnut.
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Plantain is an annual crop that can be planted at any month of the year however it is better
when planted during the rainy season (Figure 3.8). Our finding agrees with previous work
that plantain can be planted at any time of the year Swennen (1990). The study showed the
average air temperature should be about 30°C and rainfall should be well distributed across
the year with at least 100 mm per month. The simulated PM is an overlay of the simulation
of other months in the year as the crop may be planted in the suitable zones, Guinea and
Savanna at any month/month of the year. For cassava, our simulation shows March (March—
May) as the best PM generally over the region (Guinea-Savanna AEZs) except along the
south-east coast of Ivory Coast to Ghana with PM in July, northern Guinea to Gambia and
south east Senegal and from the boundary of Benin Republic to north west Nigeria in April.
The Ecocrop simulation for Yam shows June as the best PM in the central Guinea zone from
the south-east Ghana to the south-east of Nigeria and in the north central part of Nigeria as
well as Togo in the central Savanna zone. The month of February is observed as the best PM
from the south-east Mali to the north-western part of Nigeria in the Savanna. Over the
coastal area, April is observed as the PM along the south west coast from Sierra Leone to
Liberia and the south coast of Nigeria and June along the west coast of Guinea and from the

south coast of Ivory Coast to the south-west coast of Ghana in the past climate.
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Figure 3.9: Same as Figure 3.6 but for the fruit and horticultural crops.

Our simulation for cereal crops shows February as the PM for pearl millet in Guinea, March
and April are the best PMs in the south Savanna and northern savanna and Sahel AEZs,
respectively although with exception. For example, in central savanna, from the northern
Benin Republic to the north-western Nigeria for millet, the PM is April while in the north-
eastern Nigeria in the Sahel it is March compared to April in the Sahel zone. However, for
the pearl millet, the PM is April in the western Sahel along the south-west coast of Senegal,
June along the west coast of Guinea and January along the south coast of Ivory Coast to the
south-west coast of Nigeria. For maize, the PM is simulated to be in May (May-July) in the
Guinea and southern Savanna zone of West Africa while it is in December (December—
February) in the northern Savanna into the Sahel zone. For sorghum, June is simulated as the
PM over Sierra Leone to Liberia and its coastal areas as well as the south coast of Ivory
coast and Nigeria while it is May in the central south of Ivory coast and southern Ghana. The
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crop is simulated to be best cultivated in January in the Savanna-Sahel zones and best in
December in the northern Sahel.

The Ecocrop simulation of the best PM for the horticultural crops (Figure 3.9) in the past
climate shows tomato is mainly planted in March over the regions except from the south-east
Ivory coast to south-west Ghana and around 14 °N in the Sahel where the best PM in
February, along the west and south coast of Liberia and Nigeria, respectively where the best
PM is July. Pineapple is an annual crop and it shows similar characteristics as plantain as
mentioned above, which can be planted at any month of the year. For the fruit crop, orange
shows February as the best PM over Sierra Leone to Liberia and along the west coast from
Guinea to Liberia and the south coast of Nigeria. June is observed as the best PM in the
south of lvory coast to Ghana and Nigeria as well as the south coast of the Ivory and Ghana.
June is also simulated as the best PM from Guinea Bissau to north-east Nigeria around lat 14
°N in the Sahel. The Ecocrop simulation for mango in the past climate shows February as the
PM from the Guinea to southern savanna AEZ, April, May in the northern savanna AEZ and
June as the best PM in the southern Sahel AEZ. Along the coastal areas, March is simulated
and observed as the best PM from the west coast of Guinea to Liberia and south coast of
Nigeria but February over the south coast of Ivory coast and Ghana.

Nevertheless, the evaluation demonstrates that RCA4-Ecocrop captures the spatial variation
in suitability of different crops across the three AEZs of West Africa in the present-day
climate and can serve as a baseline for evaluating the changes in crop suitability under global
warming at different time windows over the region. The model also captures the spatial
distribution of the best planting month within a growing season for crops over the region

which varies with different months of the year.

3.3.2. Projected Changes in t-min, t-mean and precip over West Africa

An increasing clear trend of warming is projected across West Africa in the future, with

predictions of increases of the t-min and t-mean of approximately 1-4.5°C (Figure 3.10,
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Row 2 and 3 respectively). The minimum and mean monthly temperature (t-min and t-mean)
Is predicted to increase by 1.5-2°C in the Guinea-Savanna of the regions, about 2-2.5°C in
the Sahel and increases of about 1 °C predicted for the south-west coastal area in the near
future month (2031-2050). By mid- century, the t-mean is projected to increase by 2.5°C
and 3.0°C over the Guinea-Savanna and Sahel, respectively and 3.0°C increase over the
Guinea and 3.5°C over the Savanna-Sahel for t-min. At the end of the century, a 4.0°C
temperature increase is projected over the Guinea-Savanna zone except the western area and
3.5°C increase over the Sahel for t-mean. The projected change in the minimum temperature
by the end of the century showed a different pattern over the region as the Guinea zone,
southern Guinea-coastal area, is warmer than the Sahel. The projection shows an increase up
to 4.5°C in the southern Guinea (coastal area) and 4°C inland. A similar characteristic is also
observed over the Sahel as the southern Sahel (12-14 °N) is projected as warmer (4.0°C)
than north of 14 °N (3.5°C) in the Sahel zone. The savanna zone is however different to the
Guinea and Sahel as the temperature increases northward over the zone, i.e., southern
Savanna (3.5°C) is lower to the northern Savanna (4.0°C) except for the western part of the
Savanna zone, which is much cooler than the rest with an increase of 2.5°C. Our findings are
consistent with that of Klutse et al. (2018).
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Figure 3.10: Projected changes in the total monthly rainfall (PRE), minimum (TASMIN) and
mean (TAS) monthly temperature over West Africa as simulated by RCA4 for the near future
month (2031-2050), mid-century (2051-2070) and the end of the century (2081-2100).

With respect to the predicted effects of climate change on rainfall, it is not a major change in
the mean monthly precipitation that is projected over the region except in the south-west
Guinea zone extending to the southern Guinea in the Savanna and the south coast of Nigeria
(Figure 3.10, Row 1). The projected increase of about 10 mm extends from the south-west
coastal area of Sierra-Leone to Liberia to the south-west coast of Ghana and south coast
Nigeria in the near future (2031-2050) compared to the historical climate. By mid-century
(2051-2070), the projected change of about 10 mm is expected in the western part of the
region from the Guinea zone to the southern Sahel zone and the north-central part of Nigeria.
Over the coastal area, an increase up to 25 mm is projected along the south-west coast of
Sierra-Leone to Liberia and 10 mm over the south coast of Nigeria. The projection shows
that no change is expected in the eastern part of the region by the mid-century. In contrast,
by the end of the century, the projected change in the rainfall will be characterized by a

decrease in the monthly precipitation across the entire region compared to the baseline. A
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gradient decrease in the rainfall is projected from south to north with a reduction up to 35
mm over the Guinea-Savanna and about 25 mm over the Sahel. Over the coastal area, a
decrease above 35 mm is projected along the west coast of Gambia to northern Liberia and

south coast of Nigeria. Our findings are in agreement with (Klutse et al., 2018).

3.3.3. Impact of CCD on Future Crop Suitability over West Africa

Projected changes in the future crop suitability for all crop types varies across the three
future climate windows, from the near future period (2031-2051) to the end of the century
(2081-2100) (Figures 3.2-3.5, column 2-4). The variation in the impact for the crops may
be linked to the difference in crops response to the different climate window as described in
Table 2 below for the three-climate window/period. For the near future, our simulation
projects a general no change in the suitability for cereals south of 12 °N except the south
coast of Nigeria (Figure 3.2, column 1). However, projected decrease of about 0.1 SIV is
expected in the south coast of Nigeria for all the cereal crop, over Guinea for pearl millet,
from Sierra Leone to Liberia for sorghum and from eastern Guinea to Liberia in the western
Guinea-Savanna zone. In contrast, an increase in SIV up to 0.2 is expected in the southern
Sahel zone for cereals. No suitability change is projected for legumes (Figure 4, column 2)
except an increase in SIV of about 0.1 in the southern Sahel (12—14 °N) and up to 0.2 in the
central savanna zone (Figure 3.3). On the other hand, a projected decrease of 0.1 in SIV is
expected along the west coast of Sierra Leone and the south coast of Nigeria for groundnut.
The projected increase in SIV provides an increase in the suitable area for the cultivation of
both crops. This is so because a 0.2 increase in SIV for the marginally suitable (SIV, 0.4—
0.6) areas in the southern Sahel results in the area becoming suitable (SIV, 0.6-0.8) for both
crops. The projected decrease in the SIV values along the coastal areas and over Sierra

Leone also does not affect the area negatively as the area remains suitable for these crops.

For the root and tuber crop (Figure 3.4, column 2), a projected decrease of about 0.1 SIV is
expected for cassava and up to 0.2 in southern Nigeria and along the west coast of Guinea to
Liberia for plantain and yam extending to south of Ivory Coast for plantain. A similar

magnitude decrease is also expected in the western Guinea-Savanna zone from Guinea to the
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western Ivory Coast. For the horticulture and fruit crops (Figure 3.5, column 1), a 0.1
projected decrease in SIV is expected south of 12 °N and the savanna zone for tomato and
pineapple, respectively while up to 0.2 SIV decrease is expected in the south coast of Nigeria
for mango and orange. However, a projected increase up to 0.2 SIV is expected in the
southern Sahel for mango. The projected suitability changes are robust (i.e., at least 80% of
the simulation that the climate change is statistically significant at 95% confidence level) for
cassava, maize and mango in the near future month (2031-2050) while the changes are
consistent for the other nine crops (i.e., at least 80% of the model agree to the sign of

change).
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Table 3.2: Projected changes in crop suitability over West African AEZs at different future window periods.

Near Future (2031-2050)

Mid-Century (2051-2070)

End-Century (2081-2100)

Crops . . .
b Guinea Savanna Sahel Guinea Savanna Sahel Guinea Savanna Sahel
Nochange  AO0.2SIV A0.2SIV About04sly ~ Apout04SIv
No change No change - . Same as near . decrease but still Same as near
Cassava - : X ; remains decrease but  decrease but still : decrease still ; .
remains suitable  remains suitable - L ; future period : suitable future period
unsuitable still suitable suitable suitable
A01&0.2SIV About 0.2 A0.2SIV About 0.4 SIV About 0.4 and 0.2
About 0.1 SIV decrease and No change decrease in decrease and No change decrease may SIV decrease to the No change
Plantain decrease but increase in west ang . increase in west remains become remains
. - unsuitable SIV but still . . west and central -
still suitable and central . and central unsuitable marginally . unsuitable
. suitable - ] respectively
respectively respectively suitable
. Suitable in the
Suitable except No change, Same as near Same as near Sameasnear Sameasnear  Same as near future Same as near
Yam . west & central ; ) ) ) ) ) )
in coastal area Savana unsuitable future period future period future period  future period period future period
Suitable. but not A0.2SIV Same as near
No change ' increase with, ~ No change About 0.1 SIV No change About 0.2 decrease future period
. . along the west AT . . Same as near . - :
Maize remains . suitability in remains decrease but still . remains in SIV but still but SIV
. coast of Guinea : ; future period . . .
unsuitable . the southern unsuitable suitable unsuitable suitable increase up to
to Sierra Leone
Sahel 0.3
No change,
very marginal No change but A0.2SIV A0.4SIV
A . About 0.3 decrease .
suitability south about 0.1 SIV increase make Same as near Same as near Same as near  Same as near - ; decrease in
Pearl A . . . ) . in SIV but still
) coast of Nigeria decrease in northern future period future period future period  future period suitable west Sahel but
millet and north eastern Guinea  Sahel suitable still suitable
Liberia
About 0.1
. _AD23IV About 0.1 ADOULO.L o ease in About0.2SIV  Above 0.2 SIV
No change in No change in increase make  No change . SIV increase .
Sorghum A o s decrease in SIV SIV but still decrease west decrease but
suitability suitability northern in suitability o makes Sahel . : o
; but still suitable X suitable respectively still suitable
Sahel suitable suitable
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Table 3.3: Projected changes in crop suitability over West African AEZs at different future window periods (Contd.).

Near Future (2031-2050)

Mid-Century (2051-2070)

End-Century (2081-2100)

Crops . . .
b Guinea Savanna Sahel Guinea Savanna Sahel Guinea Savanna Sahel
. . . About 0.1 Aboutoq . Apout0.l ADOULO2 A0SV About 0.2 SIV
No change in No change in No change in decrease in . increase in SIV. SIV decrease . X .
Mango Y S N . decrease in SIV . . increase but still increase but
suitability suitability suitability SIV but still S but still but still . - .
. but still suitable . . unsuitable still unsuitable
suitable unsuitable suitable
About 0.2 About 0.2 SIV
Orange About 0.1 About 0.1 SIV No change in Same as near Same as near Same as near SIV decrease decrease but Same as near
9 SIV increase increase suitability future period future period future period but still still suitable future period
suitable
_ No chandge in About 0.2 SIV No chanae in About 0.1 About 0.3 Same as near About 0.4 About 0.4 SIV Same as near
Pineapple suitabil%t decrease but suitabilgity decrease but decrease but future period decrease but decrease but future period
y still suitable still suitable ~ still suitable P still suitable sl suitable P
About 0.1 About 0.1 No chanae in About 0.3 About 0.3 SIV Same as near About 0.4 About 0.4 SIV Same as near
Tomato decrease but decrease but sui tabi?i ty decrease but decrease but future period decrease but decrease but future period
still suitable still suitable still suitable still suitable P still suitable still suitable P
A0.25IV About 0.1
Cowpea No change in No change in increase make Same as near Same as near Same as near Same as near decrease in. SIV Same as near
P suitability suitability southern Sahel future period future period future period future period - . future period
X but still suitable
suitable
A0.2SIV
. . . About 0.1
Groundnut No ghaqqe in No ghaqqe in increase makes  Same as near Same as near Same as near Same as near . easein SIV Same as near
suitability suitability southern Sahel future period future period future period future period but still suitable future period

suitable
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The Ecocrop suitability simulation by mid-century (2051-2070) shows a projected increase
in the magnitude of change of SIV and spatial suitability distribution of suitable areas
compared to the past climate for the different crop types. The projected spatial suitability
distribution for mid-century shows a similar spatial pattern as the near future period (2031-
2050) with an increase in the suitability spatial extent and the magnitude of change in SIV.
For cereals (Figure 3.2, column 3), the projected change is like the spatial suitability pattern
as the near future period except for the spatial extension in the suitable area further north in
the central Sahel zone for pearl millet. In contrast, a decrease in the suitable area in the
western Nigeria for pearl millet and north-west Nigeria for maize and sorghum. The legume
(Figure 3.3, column 3) crops show a similar projected suitability spatial pattern as the near
future period except a projected decrease in SIV of about 0.1 and 0.2 of the suitable area is
expected in the south-west Chad Republic in the eastern Sahel zone for the groundnut and
cowpea, respectively. For the root and tubers (Figure 3.4 column 3), a decrease of about 0.2
SIV is projected for both the plantain and yam but with a similar spatial suitability pattern
as shown for the near future period. However, for cassava about 0.2 decrease SIV is
projected over the guinea-Savanna zone but the area remains suitable. For the fruit and
horticulture crops (Figure 3.5, column 3), there are no changes in the projected spatial
suitability pattern as observed in the near future period by mid-century. However, there is
an increase in the magnitude of change of SIV from 0.1 to 0.2 and 0.2 to 0.3 for the tomato
and pineapple, respectively. All the projected suitability changes are statistically significant
at 95% confidence level for cassava, maize and mango and are consistent for the other nine
crops (i.e., at least 80% of the model agree to the sign of change) by mid-century (2051—
2070).

The projected increase in global warming will lead to increasing the magnitude in the
projected change for the crop SIV and spatial suitability distribution across different crop
types by the end of the century (2081-2100). Cereal (Figure 3.2, column 4) as projected
will be severely affected as more areas becomes less suitable by the end of the century. For
legume (Figure 3.3, column 4), the Savanna zone will be less suitable with a decrease of
about 0.1 in SIV while a decrease of about 0.2 SIV is expected along the eastern Sahel zone

for groundnut as well as the south coast of Nigeria. Cowpea as projected will be more
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affected with a decrease of about 0.2 SIV in the northern savanna in the southern Chad
Republic and Nigeria with its boundary with south-east Niger Republic in the Sahel and
south-west Mali in the western Sahel zones. A decrease up to 0.2 in SIV is expected in the
southern Sahel for cereal except maize with an increase of about 0.2 in the central southern
Sahel zone. The root and tubers (Figure 3.4, column 4), show a similar spatial pattern for
the decrease in the suitable area as the near future period and mid-century but with an
increase in the SIV magnitude of about 0.2, 0.3 and 0.4 for yam, plantain and cassava,
respectively. The fruit and horticulture crops (Figure 3.5, column 4) shows further
reduction in the suitable area compared to the near future period with an increase up to 0.4
SIV for the horticulture crop. The Guinea-Savanna will become less suitable with a
decrease of 0.1 and 0.2 SIV for orange and mango, respectively. All the projected
suitability changes are statistically significant at 95% confidence level for cassava, maize
and mango and are consistent for the other nine crops (i.e., at least 80% of the model agree
to the sign of change) by the end of the century (2081-2100).

3.3.4. Impact of CCD on Crop Planting Month over West Africa

At all the three future climate windows, the Ecocrop projected change on the planting
month varies for different crop types across the different AEZs of West Africa (Figures
3.6-3.9). The impact of CCD resulted in an early or late/delay in the PM for different crops
and increases in magnitude across the three zones as described in Table 3 below. It is worth
stating that the change in PM describes a change in the best three planting months under the

three future windows.

In the near future, cereals crops, pearl millet and sorghum are projected to experience a
one-month delay over the region and up to 0.2 along the west coast of Sierra Leone to
Liberia and the south coast of Nigeria (Figure 3.6, column 2). In contrast, a two-month
delayed planting is expected over the Savanna-Sahel zone for maize. For the legumes crops,
cowpea and groundnut (Figure 3.7 column 2, see Table 3.3) no projected change in the PM
compared to the past climate is expected over the regions except about one-month delay

(i.e., from June to July) in planting over Sierra-Leone and Liberia in the Guinea zone and

74



the southern Sahel zone from Senegal to Chad Republic compared to the planting month
(June) over the area. For the root and tuber (Figure 3.8 column 2), about three to four
months early (February/March) the planting is projected for cassava in the near future as
compared to June/July, the PM from the historical climate across the region except the
north-east Nigeria and the coastal areas (Figure 3.8, Table 3.3). No change in the PM is
expected in the near future over the coastal areas but about three months delay in planting is
projected in the north-eastern part of Nigeria. No change in the PM is projected for
plantain, an annual crop which can be planted anytime of the year while a 3-4 months delay
is expected for yam except in western Guinea-Savanna and the south coast of Nigeria. For
fruits and horticulture (Figure 3.9, column 2), no projected change in the planting month is
expected for tomato and pineapple except a two-month delay over Liberia. Early planting
between one to two months is expected in the Guinea-Savanna zone and about three-
months delay in the planting of orange in the southern Sahel zone. About two-months and
up to four-months delay in planting is projected for mango in the Guinea-Savanna zone and
the northern Sahel zone, respectively while a two-month early planting of the crop is
expected in the southern Sahel zone. The projected change is consistent for all crops as

80% of the simulation agree to the sign of change.
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Table 3.4:Projected changes in time of planting (crop planting months) over West African AEZs at different global warming levels.

Crops Near Future (2031-2050) Mid-Century (2051-2070) End-Century (2081-2100)
Guinea Savanna Sahel Guinea Savanna Sahel Guinea Savanna Sahel
Cassava  Delayed planting  Early planting by four Not applicable Same as Same as near No planting Same as Same as near  No planting
for one month months near future future period but date near future  future period date
period for more area period
Plantain No change in No change in planting No change in No change No change in Nochangein  Nochange Nochangein  No change
planting date date planting date in planting planting date planting date  inplanting  planting date  in planting
date date date
Yam On month delayed  No change in planting No change in Same as Same as near No change in Same as Same asnear  No change
planting date planting date near future future period planting date  near future  future period in planting
period period date
Maize Three months Four months early and No change in Same as Same as near No change in Same as Same asnear  No change
delayed planting  delayed planting in east planting date near future future period planting date  near future  future period  in planting
and west respectively period period date
Pearl One-month Two months delayed Two months Same as Same as near Same as near Same as Same as near Same as
millet delayed planting planting delayed planting near future future period future period  near future  future period  near future
period period period
Sorghum No change in No change in planting No change in No change No change in No changein  Nochange Nochangein  No change
planting date date planting date in planting planting date planting date  in planting planting date  in planting
date date date
Mango Delayed planting  Early planting by four One-month Same as Same as near No planting, Same as Same as near  No planting
for two months months delay in near future future period but date near future  future period date
southern Sahel period for more area period
zone
Orange One-month No change in planting No change in Same as Same as near No change in Same as Same asnear  No change
delayed planting date planting date near future future period planting date  near future  future period  in planting
period period date
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Table 3.5:Projected changes in time of planting (crop planting months) over West African AEZs at different global warming levels (Contd.).

Crops Near Future (2031-2050) Mid-Century (2051-2070) End-Century (2081-2100)
Guinea Savanna Sahel Guinea Savanna Sahel Guinea Savanna Sahel
Pineapple No change in No change in planting No change in No changein  Nochangein Nochangein Nochangein Nochangein No changein
planting date date planting date planting date  planting date  planting date  planting date  planting date  planting date
Tomato One-month No change in planting No change in Same asnear Sameasnear Nochangein  Two months One-month No change in
delayed planting date planting date future period  future period  planting date delayed early planting  planting date
planting
Cowpea One-month Two months delayed Two months Same asnear Sameasnear Sameasnear Sameasnear Sameasnear Same as near
delayed planting planting delayed planting  future period  future period  future period  future period  future period  future period
Groundnut No change in No change in planting No change in Same asnear Sameasnear Sameasnear Sameasnear Sameasnear Same as near

planting date

date

planting date

future period

future period

future period

future period

future period

future period
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By mid (2051-2070) and end of the century (2081-2100), most crop types show a similar
spatial pattern in the planting month as observed in the near future but with an increase in the
magnitude of the delay or early planting period (Figure 3.6-3.9, column 3-4). For example,
cereal crops show a similar spatial pattern as projected for the near future for sorghum and
pearl millet by mid-century (Figure 3.6, column 3) and the end of the century (Figure 3.6,
column 4) except over Liberia and south coast of Nigeria for pearl millet. These areas are
expected to experience a 2-3-month delay in planting. Legume crops, cowpea and groundnut
show similar characteristics of no projected change in the PM as the near future period but for
an increase in the magnitude a delay period in the south coast of Nigeria and southern Liberia.
A delay in planting from one to two months is expected from Sierra-Leone to Liberia and over
the south coast of Nigeria for cowpea by mid-century (Figure 3.7, column 3) and up to three
months by the end of century (Figure 3.7, column 4). A two-month delay in the PM is
projected over southern Liberia and a one-month delay in the southern Sahel zone by mid and

end of the century (Figure 3.7, column 3-4).

For the root and tuber crops (Figure 3.8, column 3-4), about a four-month delay in planting is
projected over the Savanna zone except the western area of the zone and in the central Guinea
zone by mid-century for yam (Figure 3.8, column 3). A similar pattern is projected by the end
of the century for crop (Figure 3.8, column 4). No change in the planting period is projected for
plantain because it is annual crop over these two periods. For cassava a month delay planting
by mid-century and up to two-months by the end of the century is projected in the western
Guinea-Savanna zone while an early planting is expected in other parts of the Savanna zone
and north of the Guinea zone over the two-climate change period. For the fruit and horticulture
crops, there is no change in the PM for pineapple being an annual crop. A one-month PM delay
is projected for tomato over the region and up to two-months over Liberia by mid and end of
the century. However, a projected two-month early planting is expected by the end of the
century in the southern Sahel zone. For fruit crops, a four-month early planting compared to
the historical climate is projected in the Guinea-Savanna zone with a delay of about three-
months in the south Sahel by mid-century. By the end of the century, an early planting of about
four-month early compared to the historical climate is projected over the region for orange.
Similarly, a two-month early planting is projected for mango in the southern Sahel zone for

mid and up to three-months by the end of the century. In contrast, a delay in planting of about
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two-three months is expected over the Guinea-Savanna zone and up to four-months in the
northern Sahel zone. All the projected changes are consistent for all crops as 80% of the

simulation agree to the sign of change over the two climate periods.

3.3.5. Trends in Projected Crop Suitability and Crop Planting over West Africa

We used the Theil-Sen slope to evaluate the trend in the projected suitability and month of
planting for the crop types for the near future, mid and end of the century over West Africa
(Tables 3.4 and 3.5). The trend describes the rate of increase and decrease of the suitable area
and SIV with increasing warming over the three-window month. In general, the trends are all
positive and the number represents the magnitude of the trend between the projected change in
suitability and past climate. All the crop types show an increasing trend in the projected change
in the crop suitability compared to the past climate from the near future to the end of the
century when compared to the past climate except for yam (Table 3.4). The projected change in
the suitability index value of suitable areas for tomato showed the highest magnitude in trend
value from 1.219 in the near future month to 1.997 by the end of the century. Compared to
other crops, our analysis showed that there was a decrease in trend magnitude (from 0.873 in
the near future to 0.779 by end of the century) for yam in the projected suitability change with
increasing warming across each time of month from the near future to the end of century over
West Africa. Additionally, there was decrease in the magnitude of the trend value between the
near future and mid-century suitability projected change for orange but later increased at end of
the century. Moreover, there was no magnitude change in trend value for the projected change
in the suitability of cowpea for the near future month and mid-century but there was increase in
the trend of the projected change for the crop by the end of the century. All the trends are

significant at 95% level.
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Table 3.6: Trends in the projected change in suitability over West Africa for the near future,
mid and end of the century periods for different crops.

Crops/Period 2031-2050 2051-2070 2081-2100
Cassava 1.053 1.141 1.497
Cowpea 1.000 1.000 1.002

Groundnut 1.000 1.001 1.030
Maize 1.007 1.021 1.082
Mango 1.013 1.046 1.137
Orange 0.981 0.974 1.089

Pearl millet 1.007 1.022 1.057

Pineapple 1.061 1.216 1.580
Plantain 1.017 1.025 1.215

Sorghum 1.007 1.018 1.032
Tomato 1.219 1.421 1.997

Yam 0.873 0.784 0.779




Our Theil-Sen slope trend analysis also shows positive trend values in PM for all the crops. In
general, there is an observed decrease in the magnitude of trend value for projected changes in
the planting month compared to the past climate for the different crop types except for orange
(Table 3.5). For Orange, an increase in trend value is projected for the planting month with
increasing warming levels crops. Our trend analysis test show there was no change in the trend
value for the projected change in planting month for plantain, pineapple (1.000) and for
sorghum for the near future and mid-century month (1.000). All trends are significant at 95%

level.

3.4. Discussion

3.4.1. Crop Type Sensitivity to CCD and Impact on Food Security

Horticulture, cereals, root and tubers (hereafter HCRT) crops, respectively will be the most
impacted by the climate change/departure impact from the historical variability in West Africa.
All the five different crop types show a different response to the impact of the global warming
induced CCD across the examined three-window month, near the future to the end of the
century in West Africa. The variability in the response of the different crop types to CCD is
very cardinal to the agricultural production and food security in the region. HCRT are the most
negatively affected with decreasing suitability across the three AEZs of West Africa due to the
impact of the climate change compared to the legumes and fruit crops. In terms of sensitivity,
the HCRT crop suitability show a negative linear relationship with increasing global warming
over the region except for cereals with a positive linear relationship in the southern Sahel zone.
The negative linear relationship is observed notably over the Guinea-Savanna zone for the
HCRT resulting in a decrease in the crop suitable area with increasing warming across the
three months examined. The projected negative linear relationship due to an increase in global
warming may result in a decrease in the yield of these crop types over West Africa due to a
decrease in the crop suitable land (Roudier et al., 2011; Ahmed et al., 2015). For example,
previous studies (e.g. Lobell et al., 2008; Sultan et al., 2014) have revealed that the impact of
climate change will result in a decrease in the yield of cereals by 20% in the near future month

over West Africa.
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Table 3.7:Trends in the projected change in the month of planting over West Africa for the
near future, mid and end of the century periods for the different crops.

Crops/Period 2031-2050 2051-2070 2081-2100
Cassava 1.125 1.171 0.974
Cowpea 0.972 0.957 0.887

Groundnut 0.969 0.952 0.857
Maize 1.000 0.990 0.950
Mango 1.000 0.976 0.909
Orange 1.000 1.111 1.930

Pearl millet 0.980 0.959 0.912

Pineapple 1.000 1.000 1.000
Plantain 1.000 1.000 1.000

Sorghum 1.000 1.000 0.944
Tomato 0.938 0.900 0.851

Yam 1.000 0.924 0.909




Additionally, the result is in line with the findings of (Jarvis et al., 2012b) that there will be a
decline in the suitability and suitable cultivated areas for cassava due to a result of the
temperature increases but the crop will remain suitable over the region. In addition, our result
also agrees with Malhotra (2017) findings that increasing warming will lead to a decrease in
the availability of the suitable land for the cultivation of horticulture with a direct implication
on the horticultural production. This agrees with Williams et al. (2018) that the variability in
the climate will lead to a reduction in the yield quantity of pineapple in Ghana which is one of
the key producers of pineapple, which may be linked to the decrease in the suitable areas and
SIV as projected in this study.

The projected impacts of CCD on crop suitability will further compound the challenge of food
security in West Africa. This is in line with past findings that climate variability and change in
the coming decades will further threaten food security in sub-Saharan Africa notably West
Africa, a region that plays a major role in the agricultural production (IPCC, 2013;
OECD/FAOQ, 2016). West Africa for about 24 years mainly accounts for about 60% of the total
value of agricultural outputs within Africa (OECD/FAO, 2016). However, the story has not
been the same since 2007 due to instability in the agricultural production over the region and
this has been a source of concern (OECD/FAOQ, 2016). As a result, the projected decrease in
crop suitability due to a reduction in the suitable area for crop cultivation coupled with the
projected delay in the month of planting will both strongly have a negative impact on the crop
yield and agricultural production. This may further plunge the plan for food security in the

region into a mirage.

3.4.2. Impact of CCD on Spatial Suitability Distribution

The impact of CCD will lead to a projected variability in the spatial suitability distribution
across the three AEZs in the three future months and different crop types. The magnitude of
deviation due to the increase in warming may influence the suitability over the zones as well as
crop sensitivity to the projected change in the climate. The crop growth and yield are directly
proportional to the climate-crop threshold i.e., climate suitability/threshold (Luo, 2011). It is
important to note that each crop has their climatic or suitability threshold for healthy growth,
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development and optimal yield and that future changes/departure in the climate generally has a
reaching impact on the yield of the crop. This is further buttressed by our finding that CCD
may lead to future constraint in the available cultivated area in the Guinea and southern
Savanna zones of West Africa. On the other hand, it tends to provide an opportunity in the

northern Savanna extending to the southern Sahel.

The projected spatial constraint in the suitability and cultivated area will strongly affect the
crop production and yield over West Africa. The Guinea-Savanna zone provides and
significantly contributes to the agricultural production over the region and a large proportion in
the continent (OECD/FAOQO, 2016). For example, about four of the five different crop types
(except the legumes) examined in the study is and will be significantly affected with the
projected decrease in SIV and reduction in the cultivated area of the crops. This projected
decrease in SIV and the reduction in the spatial distribution of suitable areas for cultivation of
major crops such as cassava and the horticulture crops such as pineapple pose a great challenge
to the economy of most countries and further raises the challenge of food security in the region.
The challenge of food security due to projected decrease in suitable area for cultivation may
compound the climatic stress over the region. This is because the projected limited available
land for cultivation are not enough to meet the present food demand and increase in food
production may become a mirage with the projected increase in the population over the region
by mid-century, 2050 (UNDP, 2015; FAO, 2018).

On the other hand, crop suitability due to CCD from historical variability is projected will lead
to an increase in SIV and suitable area notably in the Southern Sahel. The increase in suitable
areas provides an opportunity for more suitable areas in the region for the cultivation of
cereals, legumes and mango in the southern Sahel zone (12-14 °N), plantain and yam in the
Savanna zone as well as the legume crops in the central savanna zone of West Africa. The
projected increase into the Sahel agrees with the previous finding for maize in the Sahel zone
with CCD. This shows that the crop spatial suitability distribution and productivity are highly
sensitive to variations in the climate such that a departure of the future African climate from
the recent range of historical variability will have the most devastating effect on agriculture
over the continent (Lobell & Gourdji, 2012; Taylor et al., 2012; Zhang & Cai, 2013).
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3.4.3. Implication for Socio-Economic Development and Strategy Policy

The above result provides a basis for developing the policy and strategy to reduce future crop
loss due to a lack of suitable land and risks of food security over West Africa. At the same
time, it advocates for a more proactive response to increase resilience and adaptive options via
the urgency and timing of adaptation. For instance, the analysis of crop suitability indicates that
a greater proportion of suitable land areas in the West African region may become less suitable
or unsuitable in the future from CCD due to global warming, which may enhance a decrease in
the crop yield and agricultural production of some crop. On the other hand, the analysis
showed an expansion of the suitable area into the Sahel for the cereal and legume crops with
CCD, which provide future opportunities for more suitable areas for the cultivation of one of
the most staple crops, maize. This will have both positive and negative impacts on regional
development and economic activities (e.g. regional trade and international relation in terms of
exports and importing goods). The impact of CCD through an expansion in suitable area may
lead to an improved yield or production for some crops like maize in the region for countries.
This increase in production may lead to an increase in socio-economic activity and regional/
international trade between countries with expansion in cultivated area (exportation leading to
an increase in revenue) and those with decrease in suitability of cultivated area and need to
meet the their food demand as observed across the three AEZs of West Africa. This implies
shift in crop suitability may lead to regional tradeoffs in crops among countries i.e. the land lost
to cassava in a country may be that gained for groundnut in the other thereby influencing soico-
economic activity within the region. However, the projected change in suitability also suggests
that a well-planned land use change (through the urgency of adaptation to the CCD) could help
reduce the impacts of CCD on the crop yield and food security in the region. Hence, there is a
need for the formulation of a strategic policy that can accommodate or encourage such a land-
use change. A strategic policy is also required more importantly for the new opportunities such
as an expansion into the Sahel for maize and the other crops that may arise out of the impact of
CCD over the region. Hence, the results can guide policymakers on how to prioritize their
adaptation plan in terms of the urgency of response and redefine mitigation measures to the

future impact of CCD on the crop suitability and planting season over West Africa.
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3.5. Summary and Conclusions

In investigating the impact of CCD on the crop suitability and planting month over the entire
West African region, we analyzed 10 CMIP 5 GCM datasets downscaled by CORDEX RCM,
RCA4 for five different crop types, cereal (maize, pearl millet and sorghum), fruit (mango and
orange), horticulture (pineapple and tomato), legume (cowpea and groundnut) and root and

tuber (cassava, plantain and yam). The summary from our study are as follows:

The projected changes in the temperature may lead to an increase between 1-4.5 °C for the
minimum and mean temperature over West Africa from the near future to the end of the
century. A change of about 10 mm in rainfall is projected over the western Guinea-Savanna
zone and no major changes in other parts of the region and up to 25 mm along the coastal areas
(west coast of Sierra-Leone to south-west Ghana and the south coast of Nigeria) for the near
future and mid-century. A projected decrease up to 25 mm is expected over the region and up
to 35 mm over the coastal area (from the west coast of Gambia to north Liberia) by the end of
the century.

Addressing our main objective, the Ecocrop simulated spatial suitability distribution of the
crops shows higher suitability are to the south of 14 °N while a lower suitability is to the north.
The marginal suitability line (around 12-14 °N) shows the transition between the higher and
lower suitability of the crop. Results show that the horticulture crops, pineapple and tomato,
respectively are the most negatively affected by the impact of CCD from the historical
variability over the region. There is a projected constraint showing a negative linear correlation
with increasing warming in the cultivation of most different crop types except for cowpea in
the Guinea-Savanna AEZs (south of 14 °N) by the end of the century due to an increasing
reduction in the suitable area and crops suitability index value due to the climate departure
although most of the crop remains suitable. The impact of CCD will provide opportunities for
more suitable areas in the southern Sahel zone for cereals, mango and legumes crops showing a
positive linear correlation with increasing warming thus creating more land for cultivation,
which can in turn increase the yield and production of the crops. Generally, a projected delay
of 1-4 months is expected for most of the crop types with CCD except for orange and cassava
as well as maize in the Savanna zone. No projected changes are observed for plantain and

pineapple, mainly because they are annual crops.
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Statistically, we demonstrated that over 80% of the simulations agree with the sign of the
projected change for all the crop types due to the CCD and the changes are statistically
significant at 95% confidence interval for maize, cassava and mango. Additionally, we showed
there is an increasing trend in the projected crop suitability for all crops except yam with a
decreasing trend as seen from the trend magnitude due to CCD from the historical variability
while a decreasing trend is projected for the future change in the month of planting of the

crops. All trends values are positive

Despite our analysis, the results of this study can be improved and applied to reduce the future
impact of crop suitability and risks of food security over West Africa in many ways. For
instance, future studies may investigate the impact of CCD on the crop suitability and planting
season over the region using more RCMs with different forcing GCMs other than only RCA4.
This may help resolve the challenge of uncertainty in the future simulation of the crop
suitability and planting season. In addition, the results of the study will be more robust and
improve our knowledge on the impact of CCD and its influence on the crop suitability and
planting season over West Africa. Further studies on how to reduce the uncertainty will
improve the credibility and application of the results. Nevertheless, the present work shows the
impact of CCD on the crop suitability and planting season using GCMs downscaled with
RCMs. This establishes a premise for future work in advancing our knowledge into how CCD
influences the crop suitability and planting season in West Africa.

In conclusion, the application of the concept of CCD in this study has demonstrated future
changes in how the crop suitability and planting season can be analyzed. The application of
CCD established the impact of climate change on crop suitability over West Africa and further
identified spatial variability in the future suitability showing that horticulture, cereal, root and
tubers crops will be most negatively affected by the impact of CCD in West Africa. It also
identifies the three best planting months in a growing season and the changes in the planting
time is about four-month delay in the planting season for most crops but early planting for
cassava, orange and maize but only in the savanna zone. The application of CCD aims to
underpin future works to advance the study of future changes in crop suitability and planting in
any region of the world. This type of analysis is important for adaptation options and planning

for future changes in the crop suitability and planting period to improve food security.
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The next chapter investigates how different Global Warming Levels, GWL1.5°C, GWL2.0°C
and GWL3.0°C will influence the projected changes in suitability and planting over West
Africa in the future climate. The chapter highlights the importance of recognising and limiting
global warming to less than 1.5°C to improve food security over West Africa. This chapter,
therefore, addresses objective 3.
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CHAPTER 4

Investigating the potential impact of 1.5, 2 & 3°C global warming levels on crop
suitability and planting season over West Africa

How will the projected Global Warming Levels, GWLs (1.5, 2.0 and 3.0) influence Crop
suitability and Planting season over West Africa?

Specific Questions:

e What is the impact projected GWL1.5, 2.0, 3.0 on crop suitability and planting season
in West Africa?

e How will the inability to meet the NDC plan and increase up to 3°C affect crop
suitability over West Africa?

e What is the projected trend in crop suitability and planting season under the projected
three GWLS?

This chapter has been published as: Egbebiyi, T.S, Crespo, O., Lennard, C., Zaroug, M.,
Nikulin, G., Harris, 1., Price, J., Forstenh&usler, N., Warren, R. 2020. Investigating the potential
impact of 1.5, 2 & 3°C global warming levels on crop suitability and planting season over West
Africa. PeerJ 8:e8851 https://doi.org/10.7717/peer].8851.
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Abstract

West African rainfed agriculture is highly vulnerable to climate variability and change. Global
warming is projected to result in higher regional warming and have a strong impact on
agriculture. This study specifically examines the impact of global warming levels (GWLs) of
1.5, 2 and 3°C under RCP8.5 relative to 1971-2000 on crop suitability over West Africa. We
used 10 Coupled Model Intercomparison Project Phase5 Global Climate Models (CMIP5
GCMs) downscaled by Coordinated Regional Downscaling Experiment (CORDEX) Rossby
Centre’s regional Atmospheric model version 4, RCA4, to drive EcoCrop, a crop suitability
model, for pearl millet, cassava, groundnut, cowpea, maize and plantain. The results show
Ecocrop simulated crop suitability spatial representation with marginal cropping suitability line
occurring at approximately 14°N for all crops except for plantain (12°N). Higher and lower
suitability are observed to the south and north of the 1971-2000 marginal suitability line
respectively. The model also simulates the best three planting months with the growing season
from September-August over the past climate. Projected changes in suitability under the three
GWLs suggest a spatial suitability expansion for legume and cereal crops, notably in the
central southern Sahel zone; root and tuber and plantain in the central Guinea-Savanna zone. In
contrast, projected decreases in the suitability index are predicted south of 14°N for cereals,
root and tuber crops; nevertheless, the areas remain suitable for the crops. Planting month
delays of from 1-4 months is projected over the region under the three GWLs for legumes,
pearl millet and plantain. For cassava and maize, two months’ delay in planting are projected in
the south, notably over the Guinea and central Savanna zone with earlier planting of about four
months in the north in the Savanna-Sahel zones. The effect of GWL2.0 and GWL3.0 warming
in comparison to GWL1.5°C are most dramatic on cereals and root and tuber crops, especially
cassava. All the projected changes are statistically significant at 99% confidence level. There is
also an increasing trend in the projected crop suitability change across the three warming levels
except for cowpea. This study has implications for improving the resilience of crop production
to climate changes, and more broadly, for food security in West Africa.

Keywords: Global warming levels, crop suitability, planting season, CORDEX, West Africa
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4.1. Introduction

Rainfed agriculture is crucial to the economy and livelihood of the inhabitants of West Africa
(Omotosho & Abiodun, 2007; Roudier et al., 2011; Diasso & Abiodun, 2017) . The agricultural
sector employs more than 65% of the active labour force in the region, with the majority
practising subsistence rain-fed farming (Benhin, 2008; Schlenker & Lobell, 2010; Roudier et
al., 2011). The sector is also responsible for 75% of Sub-Saharan Africa (SSA) domestic trade
(McCarthy, J et al., 2001; World Bank Report., 2013) and contributes significantly to the
economy via a Gross Domestic Product (GDP) of up to 20% (World Bank Report., 2009;
Schlenker & Lobell, 2010; Roudier et al., 2011). Like other regions of Africa, West Africa has
suffered devastating effects in the last few decades from climate change impacts via rainfall,
variability and droughts due to global warming (Sarr, 2012; Diasso & Abiodun, 2017). Thus,
further warming over the region could worsen the current climatic stress on agricultural

production, the main source of livelihood of the inhabitants.

Global mean surface temperature has increased by approximately 1°C above pre-industrial
levels and is likely to rise to 1.3-4.8°C by 2081-2100 (IPCC, 2013, 2018). It is projected that
the average temperature increase will be more intense in Africa than the rest of the globe
(Solomon et al., 2007; Sarr, 2012). For the West African region, observed temperatures have
increased between 0.2 and 0.8 since the end of 1970s a trend which is stronger with minimum
temperature and faster than global warming (Sarr, 2012). There has been about 3-4°C increase
in mean temperatures since the 1980s and this increasing trend is projected to continue rising
well into the end of century under greenhouse gas emission scenarios (A2 and B2) (Sarr,
2012). This trend is significant and much higher than the global warming trend (Sarr, 2012).
Furthermore, other studies have revealed that an increase in global warming will result in the
deviation of the mean temperature from the historical variability leading to new climate regime
over the continent, particularly West Africa (Hawkins & Sutton, 2012; Mora et al., 2013). This
deviation from historical variability was reaffirmed by Mora et al. (2013) which went a step
further to show that the mean temperature over West Africa will move outside the bounds of
historical variability in the next two decades earlier before the global mean temperature thus
making the region a hotspot of the impact of global warming. In addition, a World Bank report
revealed that 2-4°C of warming poses a threat to agriculture and food security in sub-Saharan
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Africa (World Bank Report., 2013). This projected warming is expected to affect the
agricultural sector by a reduction of up to 50% in crop yield and 90% in revenue by the end of
the century (IPCC, 2013; World Bank Report., 2013). Thus, knowing what the projected
impacts of 1.5-3°C warming above pre-industrial level on crop growth suitability over West

Africa is of great importance.

The United Nations Framework Convention on Climate Change (UNFCCC) Paris Agreement
aims to limit global average temperature rise to ‘well below 2°C above pre-industrial levels’
and to ‘pursue efforts’ to limit it to 1.5°C (UNFCCC, 2015) and the scientific community has
since explored methods to help achieving this goal (IPCC, 2018). The signing of this
Agreement was hinged on the submission of the Intended Nationally Determined Contributions
(INDC) documents by each member country stating their plan for addressing climate change
beyond 2020 by limiting global mean temperature below 2°C (Rogelj et al., 2016). The INDC
document, now Nationally Determined Contribution (NDC), after the Paris Agreement,
addresses issues such as avoiding, adapting to, coping with climate change challenge (Rogelj et
al., 2016; Hof et al., 2017). Although, the aim of the Paris Agreement, as expressed in the
NDCs is to limit global warming to 1.5°C and well below 2.0°C, they are inadequate to do so.
Furthermore, the trends in CO2 emission indicates an urgent decline in global emission is
crucial to the possibility of reducing warming below 2°C (Luderer et al., 2013; Rogelj et al.,
2013) while about two-third of the available resource to keep warming to below 2°C have
already been emitted (Meinshausen et al., 2009; IPCC, 2014). Thus, the NDCs would likely
mean that global temperatures may increase by 3°C or more; below the necessary emission
reduction consistent with 2°C and 1.5°C climate target (Rogelj et al., 2016; Hof et al., 2017).
The impact of 1.5-2°C warming is projected to be more pronounced in regions with low
adaptive capacity and high exposure, such as West Africa (Mitchell et al., 2016; Rogelj et al.,
2016; Schleussner et al., 2016). For example, in a tropical region like West Africa, holding
temperature below 1.5°C has a positive impact of limiting local yield reduction in wheat and
maize (Schleussner et al., 2016). However, no previous studies have examined how the impact
of these three different global warming levels, suggested by the IPCC tied to policy aspirations
and goals, will affect crop mean suitability growth and planting months within a growing
season in this region. In addition, no study has examined how the impact of the inability to
meet the NDC plan and the potential of reaching a projected temperature increase up to 3°C

93



(Mora et al., 2013; Rogelj et al., 2016) will affect crop suitability and agriculture over West
Africa.

Given the global level significance of this threshold, and its particularly high exposure, the aim
of this study is to examine the potential implications of the global warming levels (GWLs) 1.5,
2.0 and 3.0°C on crop suitability and month of planting in West Africa. We examined how the
differences between GWL1.5, 2.0 and 3.0°C could influence crop growth suitability over West
Africa to assess the benefit of limiting global warming. This information is important for
developing timely adaptation strategies to improve crop yield and food security in the region.
Section 2 describes the study area, the climate variables and crop data; it also gives an
overview of the crop suitability model, Ecocrop used for the study. Section 3 describes
Ecocrop suitability results for the historical climate, GWLs1.5, 2.0 and 3.0°C and the
difference between them. In section 4, the results from the study are discussed in relation to
improving food security and adaptation strategies over West Africa. The concluding remarks

are given in section 5.

4.2. Data and Methods

4.2.1 Study Domain

The study area is West Africa, which has rainfed agriculture as its mainstay economy. It ranges
from latitude 2-20°N and 20°W to 20°E (Figure 1). The region is divided into three agro-
ecological zones namely, Guinea (4 - 8°N), Savanna (8 - 12°N) and the Sahel (12 - 20°N)
(Abiodun et al., 2012; Egbebiyi, 2016). The temperature gradient over the region increases to
the north, while precipitation increases to the south in the region. The West Africa Monsoon
(WAM) is the major system influencing the rainfall pattern in West Africa (Omotosho &
Abiodun, 2007; Nicholson, 2013). The region provides a large amount of agricultural
resources. However, due to its variability in rainfall patterns and low adaptive capacity, this

region faces substantial risk from climate change.

Different parts of West Africa cultivate and grows different crops which contributes to the
economy of the region. Major crops grown in the region include yam, plantain, banana,

cassava, cocoa, rice, wheat, cowpea, groundnut, millet, maize, sorghum (Paeth, Capo-Chichi &
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Endlicher, 2008; Jarvis et al., 2012b; Nelson et al., 2014; Sultan & Gaetani, 2016). For
example, yam production in the region constitute about 91% of the global production. In Sub
Saharan Africa (SSA), cassava remains the most important staple food crop in the region in
terms of production due to its high resilience to drought (Jarvis et al., 2012b; Srivastava et al.,
2016; Sultan & Gaetani, 2016). Sorghum and millet also account for about 64% of the cereal
production in West Africa (FAOSTAT, 2014; Sultan & Gaetani, 2016). Maize adjudged to be
the most important staple food in SSA provides about 20% of the calorie intake in the West
African region (FAOSTAT, 2014; Sultan & Gaetani, 2016). Cash crops such as cocoa, oil palm

and other crops such as plantain also contribute significantly to the region’s economy.

4.2.2 Data
4.2.2.1 Historical and future climate datasets

For this study, three datasets were used: observations of present-day climate and the locations
where crops are grown as observed from crop suitability model; Ecocrop output; modelled
simulations of present and projected crop suitability driven by observed and projected climate
data. The observation dataset was the 0.5° x 0.5° resolution monthly precipitation and
temperature gridded dataset for the period of 1901 to 2016 obtained from the Climate Research
Unit (CRU TS4.01, land only) University of East Anglia (Harris et al., 2014). This was used to
evaluate the available bias corrected RCMs forced by 10 Global Climate Models (GCMs) from
the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al., 2012). The
regional climate simulation was obtained from the Swedish Meteorological and Hydrological
Institute, Linkoping, Sweden Rossby Centre’s regional atmospheric model (SMHI-RCAA4,
hereafter RCA4) (Samuelsson et al., 2011). The modelled climate data were used as inputs into
the crop suitability model, Ecocrop (Hijmans et al., 2001). Six crops millet and maize
(Cereals); cassava and plantain (Root and Tuber); cowpea and groundnut (legumes) were
selected based on their economic importance in the region. The different datasets are defined in

the following sub-sections.

Climate variables such as temperatures and rainfall are important climate variables used in
determining the impacts of climate change at different scales (Cong & Brady, 2012;
Mastrandrea et al., 2015) and have significant effect on crop yield (Abbate et al., 2004; Medori
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et al., 2012). While rainfall affects crop production in relation to photosynthesis and leaf area,
temperature affects the length of the growing season (Olesen & Bindi, 2002; Cantelaube &
Terres, 2005). For this study, we used the bias-corrected mean monthly minimum temperature
(tmin), mean monthly temperature (tmean) and total monthly precipitation (prec). Data from 10
CMIP5 GCMs downscaled by RCA4 under RCP8.5 was used as input into crop suitability
model (see Table 3.1) to present the influence GWL1.5, GWL2.0, & GWL3.0 on crop growth
suitability over West Africa. RCP8.5 was used because it matches the current emission path in
CO:z increase and covers the range of three temperatures over the largest number of simulation

ensemble members (Abiodun et al., 2018).

4.2.2.2 Ecocrop dataset

As a result of field experiments run across the world a database of crop thresholds has been
developed. These crop thresholds describe the monthly suitability range of plant species
against total monthly rainfall (prec.), monthly minimum temperature (tmin), mean temperature
(tmean) and maximum temperature (tmax) over the length of its growing season (Dixon,
Gulliver & Gibbon., 2001). The computation of optimal to non-optimal conditions based on
this data, allows for the simulation of monthly crop suitability in response to monthly climatic
variables. Ecocrop suitability model computes the relative suitability of a crop in response
climate variables such as rainfall, temperature and length of growing season thus generating a
suitability index score from O (unsuitable/non-optimal) to 1 (highly suitable/optimal) (Hijmans
et al., 2001). See description of the suitability index in Table 4.1. Such division has been used
in previous studies (e.g. Ramirez-Villegas & Thornton, 2015; Hunter & Crespo, 2018;
Egbebiyi et al., 2019).
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Table 4.1: A description of Ecocrop suitability index value (Adapted from Egbebiyi et al. 2019)

Suitability Index Value Category/Description
0.0-0.2 Unsuitable
0.21-0.40 Very Marginally suitable
0.41-0.60 Marginally suitable
0.61-0.80 Suitable
0.81-1.00 Highly suitable

Although we understand that those thresholds will vary depending on crop varieties and
location, the concept and the general validation of the thresholds makes it a suitable tool to
assess different crop’s suitability over large areas. Previous studies have reported a good
agreement between climate change impacts projections from Ecocrop model and other crop
models (Ramirez-Villegas, Jarvis & Ldaderach, 2013; Vermeulen et al., 2013; Challinor et al.,
2014; Rippke et al., 2016). It should be noted that this study did not undertake any additional
ground-truthing or calibration of the range of climate parameters preferred for the crops, and
therefore the default EcoCrop parameters were assumed to be suitable. We therefore used this
approach to evaluate crop suitability during the historical period and under different GWLSs.

4.2.3 Simulation approach

We calculated the time of reaching 1.5, 2.0 and 3°C temperature warming over West Africa
under RCP8.5 emission and a baseline period of 1971-2000 using the method of Deque et al.
(2017) and Nikulin et al. (2018). A thirty-year running average was used to calculate the mid-
year in which each global warming level (GWL) is reached relative to the pre-industrial
baseline period of 1861-1890. The time of reaching GWL1.5, 2 and 3°C are projected as 2025,
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2038, 2048 respectively (Nikulin et al., 2018). All the extracted and downscaled CMIP5
datasets by RCA4 were bias corrected with the observation based reference data WATCH-
Forcing-Data-ERA-Interim (WFDEI) (Weedon et al., 2014). dataset. This is crucial because
regional climate models often deviate from the observed climatological data hence the need for
bias correction before the data is used for climate change impacts assessment such as
hydrological modelling and agricultural impacts studies (Chen, Brissette & Lucas-Picher,
2015; Vrac, Noél & Vautard, 2016; Famien et al., 2018). We evaluated the bias corrected
RCAA4 historical data against CRU dataset. The results showed that there is a good agreement
between observation dataset (CRU) and the bias corrected RCA4 monthly simulated past

climate data for both temperature and precipitation over West Africa.

RCAA4 bias corrected output has a strong correlation (r > 0.8 and r > 0.6) with the CRU datasets
for temperature and total monthly rainfall datasets respectively. For example, the model
replicates the CRU north-south temperature gradient, concurring with past studies (Gbobaniyi
et al., 2014). RCA4 simulated total monthly rainfall realistically captures the essential features
namely, both the zonal pattern and meridional gradient and the rainfall maxima over high
topography (i.e. Cameroon Mountains and Guinean Highlands) as observed in CRU. This is in
agreement with previous findings (e.g. Egbebiyi, 2016; Klutse et al., 2016; Abiodun et al.,
2017). The performance of RCA4 in simulating the essential features of West African climate
variables, temperature and rainfall, makes it suitable and gives confidence in the use of RCA4
for crop suitability simulation over the region. Also, the use of Ecocrop was based on past
finding by Egbebiyi et al. (2019) that there is a good agreement between Ecocrop and
MIRCAZ2000 dataset, a global monthly gridded data of annual harvested area around year 2000
(Portmann et al., 2010) for different crops. The study showed a strong spatial correlation (r >
0.7) for the examined crops in this study between Ecocrop and MIRCA2000 simulation. This
gives some level of confidence in the use and performance of the Ecocrop simulation over the

region.

The influence of GWL1.5, 2.0 and 3.0 on crop suitability and month of planting was assessed
based on the methodologies described in Ramirez-Villegas et al. (2013). The resulting tmin,
tmean and prec values from the 10 downscaled GCMs over the 30-year window at the time of
reaching 1.5, 2 and 3°C GWLs were calculated and used as input data into Ecocrop to compute
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the suitability index for each crop over West Africa. The results were then used to assess how
each GWL will impact crop suitability across the Agro-Ecological Zones (AEZs) of West
Africa. After the simulation, we computed the mean of the best three consecutive suitability
index and planting window within the growing season across each grid point over the region
for the historical and future analysis for the three GWL. This was done to remove the influence
of unsuitable and marginally suitable months from the averaged suitability spatial distribution
within a growing season and varies for each crop. The contour lines represent the regions with

marginal to highly suitable mean crop suitability over West Africa over the historical period.

4.2.4 Assessing the robustness of climate change

We assessed the robustness of the projected climate change via the three GWLs based on two
conditions. Firstly, at least 80% of the simulation must agree on the sign of change. Secondly,
at least 80% of the simulations must indicate that influence of climate change is statistically
significant, at 99% confidence level using a t test with regards to the baseline period, 1971-
2000. When these two conditions are met then we consider the climate change signal to be
significant. Previous studies (Abiodun et al., 2018; Klutse et al., 2018; Maure et al., 2018;
Nikulin et al., 2018) have all used the methods to test and indicate the robustness of climate
change signals. We also assess the trend of change in crop suitability and month of planting at
each global warming levels for each crop using Theil-Sen estimator or Sen’s slope (Theil,
1950; Sen, 1968). The Theil-Sen slope estimator is non-parametric and applied in the
estimation of magnitude of trend. It is more robust in estimating trends and can detect
significant trends than the linear trend (Ohlson & Kim, 2015). Previous studies (Wilcox, 1998;
Peng, Wang & Wang, 2008) have used the method in calculating trends.

4.3 Results

4.3.1 Simulated Crop Suitability in the Historical Climate over West Africa.

RCA4 simulated crop suitability from observed climatology inputs (CRU-Ecocrop) shows a
decreasing mean suitability from south to north of West Africa (north-south suitability
gradient) (Figs. 4.1 & 4.2, column 1). The spatial suitability representation reveals unsuitable
or very marginal suitability to the north in the Sahel from latitude 14°N with a low Suitability
Index Value (SIV) value between 0.0 - 0.4. and higher suitability to the south in the Guinea-
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Savanna AEZ with a high SIV (0.6 - 1.0) sandwiched by an ash/silver suitability line called the
Marginal Suitability Line (MSL) with SIV between 0.41 - 0.59. In general, MSL are observed
around latitude 14°N in the Sahel AEZ (northern Sahel) for the simulation across the region
except for the one observed around latitude 12°N the boundary between the Sahel and Savanna
AEZ. Ecocrop simulation of the crop types examined, legumes (cowpea and groundnut), root
and tuber (cassava and plantain) and cereals (maize and pearl millet) are very suitable to the
south of the MSL with no or low suitability to the north. Along the coastal areas, legumes and
root and tuber crops are suitable along the south-west coast of Senegal to the south-west coast
of Cameroon. For cereals, pearl millet is suitable along the west coast of Senegal and from the
south coast Ivory Coast to the south coast of south-west coast of Cameroon while maize is

suitable from the south coast of Ivory Coast to the south-west coast of Nigeria.

Ecocrop was also used in simulating the best planting months (PM) from range of month in a
planting window within the Length of Growing Season (LGS) over West Africa for the
historical climate (Figs. 4.3 & 4.4, column 1). LGS provides information on the start and end
of growing season and can also assist in the simulation process of identifying the best PM
within a possible planting window in a growing season over given location. The simulated
planting month represent the first month of the best three month of the planting window and
varies with crop types across the three AEZs of the region i.e. a simulation of April means
April-June is the three best PM. For the legumes, our simulation shows January-July as the
planting windows for legume crops, cowpea and groundnut over the region but January
(January-March) and February (February-April) as the three-best PM for cowpea and
groundnut respectively for large part of the region in the central Guinea and Savanna AEZs
except over Sierra Leone, Liberia and south coast of Nigeria. The month of February
(February-April) was simulated as the best three-month planting period in western and eastern
Savanna-Sahel AEZs for cowpea while it was March (March-May) over the same area and
period for groundnut. Along the coastal areas, July is simulated as the PM along the southwest
coast from southern Sierra Leone to Liberia and the south coast of Nigeria and April along the
southwest coast of northern Sierra Leone. For Groundnut April, is PM along the west coast of
Guinea, May along the west coast of Sierra Leone and northern Liberia. August and March at
south coast of Liberia and Nigeria respectively. December and January are the PMs along the
south coast of lvory Coast to Ghana for cowpea and groundnut respectively.
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Figure 4.1:Spatial distribution of crop suitability as simulated by Ecocrop over West Africa for
Hist. (column 1, left axis) and of change in crop suitability (right axis) at different global
warming levels (GWL1.5, GWL2.0, GWL3.0) under RCP8.5 scenario (column 2-4) for cassava,
cowpea and groundnut The white areas along the coast have no data. areas. (0.0> not suitable
>0.2> very marginal >0.4> marginal >0.6> suitable >0.8> highly suitable). The contour
lines represent crop suitability in the historical climate. The vertical strip (]) indicates where at
least 80% of the simulations agree on the sign of the changes, while horizontal strip (—)
indicates where at least 80% of the simulations agree that the projected change is statistically
significant (at 99% confidence level). The cross (+) shows where both conditions are satisfied;
hence, the change is robust

Root and tuber crops, plantain is an annual crop that can be planted in any month of the year
(Figs. 4.3 & 4.4, column 1). The simulated PM is an overlay of the simulation of other months

in the year as the crop may be planted in the suitable zones, Guinea and Savanna at any
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month/period of the year. For cassava, our simulation shows March (March-May) as the best
PM generally over the region (Guinea-Savanna AEZs) except along the south-east coast of
Ivory Coast to Ghana with PM in August, northern Guinea to Gambia and south east Senegal
as well as the boundary of Benin Republic to north west Nigeria with PM in April. Our
simulation for cereals shows Feb as PM for millet in the Guinea and March, April in the
Savanna and Sahel AEZs respectively although there are exceptions. For example, in the
central Savanna, from northern Benin Republic to north-western Nigeria, pearl millet PM is
April while in the north-eastern Nigeria in the Sahel it is March compared to April in the Sahel
zone. However, pearl millet PM is April in western Sahel along the south-west coast of
Senegal, June along the west coast of Guinea and January along the south coast of Ivory Coast
to the south-west coast of Nigeria. Maize PM is simulated to be in May (May-July) in the
Guinea and southern Savanna zone while it is in December (December-February) in the

northern Savanna into the Sahel zone.

These evaluations demonstrate that the (RCA4-Ecocrop) captures the variation in suitability
with different crops across the three AEZs of West Africa in the present-day climate and can
serve as a baseline for evaluating the changes in crop suitability under global warming levels of
1.5 to 3°C over the region. The model also captures the growing season of crops over the

region which varies with different months of the year.
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Figure 4.2: Spatial distribution of crop suitability as simulated by Ecocrop over West Africa
for Hist. (column 1, left axis) and of change in crop suitability (right axis) at different global
warming levels (GWL1.5, GWL2.0, GWL3.0) under RCP8.5 scenario (column 2-4) for maize,
pearl millet and plantain. The white areas along the coast have no data. areas. (0.0> not
suitable >0.2> very marginal >0.4> marginal >0.6> suitable >0.8> highly suitable). The
contour lines represent crop suitability in the historical climate. The vertical strip (]) indicates
where at least 80% of the simulations agree on the sign of the changes, while horizontal strip
(—) indicates where at least 80% of the simulations agree that the projected change is
statistically significant (at 99% confidence level). The cross (+) shows where both conditions
are satisfied; hence, the change is robust.

4.3.2 Projected Changes in crop suitability under different GWLs over West Africa.

At all warming levels, Ecocrop projects a similar spatial suitability distribution pattern in crop
suitability over West Africa (Fig. 4.1 and 4.2, column 1). For instance, projected spatial

suitability distribution under the three warming levels show a similar decreasing pattern
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suitability index value (SIV) from south to north over West Africa with high and low
suitability to south and north respectively. For all the GWLs, there is no projected latitudinal
shift from 14°N (north of the Sahel AEZ) and 12°N (north of the Savanna AEZ) in the marginal
suitability area as observed in the historical climate (See Appendix A). The projected spatial
suitability distribution under all the GWLs show higher SIV (0.6-1.0) remains in the Guinea-
Savanna zone which is south of the marginal suitability while low SIV (0.0-0.4) are to the
north of the MSL as observed in the historical climate. Similarly, projected suitability pattern
remains similar along the coastal areas under the three global warming levels as for the

historical climate.

Ecocrop projected change in suitability varies for different crop types at all warming levels.
However, the magnitude of the projected change varies over the region and increase with
increasing GWLs (Figs. 4.1 & 4.2, column 2 and Table 4.2). The change in SIV means an
increase or decrease in the suitability index value of crop of one AEZ and GWL. For example,
a 0.1 SIV increase for a crop with SIV 0.4 (in the past climate) under GWL2.0 means an
increase in SIV 0.5 and change from very marginal suitable area to being marginally suitable
under GWL2.0. At GWL1.5 (Figs. 4.1 & 4.2, column 2 and Table 4.2), for legume crops
cowpea and groundnut, projected suitability change is notably over the central Savanna AEZ
(from the northeast Ivory Coast to northeast Nigeria) extending to the southern Sahel with a
magnitude increase of 0.1 except over the south-western area of Chad Republic, which is east
of southern Sahel. The projected change shows the suitability of legumes from very marginal
to being marginally suitable in the southern Sahel. Generally, no change in suitability is
projected over the Guinea AEZ and over the western and eastern Savanna except in the coastal
areas. No change in suitability is also projected north of 14°N under GWL1.5. However, some
areas with pockets of projected suitability decrease (SIV = -0.1 under GWL1.5) are observed in
the southern part of Nigeria and south-western part of Sierra Leone for cowpea. Along the
coastal area projected decrease in suitability are projected along the south-west coast of Sierra
Leone and the south coast of Nigeria for cowpea and groundnut respectively. Cereals, maize
and pearl millet, a projected increase about 0.2 in SIV is expected in the central Sahel under
GWL1.5 for pearl millet while a 0.1 suitability increase in is expected over the Sahel while for
maize around 12-14°N and central Savanna. However, despite the projected suitability increase
in the Sahel, the cereal crops will only be marginally suitable for cultivation except over the
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Savanna AEZ. Also, pockets of suitability increase are projected in north eastern part of
Nigeria, south of Burkina Faso in central Savanna and along the south coast of Ivory Coast in
the Guinea for maize. In contrast, south of 14°N no change in suitability under GWL1.5 is
projected but with some exceptions along the coast areas of Guinea and Nigeria in Savanna and
Guinea AEZs. Over the coastal areas, decreases in suitability about -0.2 are projected in the
south coast of Nigeria and along the west coast of Guinea and Sierra Leone. A decrease of
similar magnitude is also projected in north east boundary of Nigeria and Cameroon and in the
central and north-western parts of Nigeria in the Guinea and Savanna AEZ respectively for
both crops. Under GWLL1.5, for root and tubers, suitability increases about 0.1 is projected over
the central Savanna while a similar magnitude decrease is projected west and eastern Savanna
for cassava. Plantain projected decrease in suitability (about -0.1) in the Guinea zone except
along the southeast boundary between Nigeria and Cameroon with a projected suitability
increase about 0.2 as in the central Savanna. The projected change under GWL1.5 is robust, in
that at least 80% of the simulation agree with sign of change and the projected change in

suitability are statistically significant (at 99% confidence level) for all the crop types.
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Table 4.2: Projected changes in crop suitability over West African AEZs at different global warming levels

GWL15 GWL2.0 GWL3.0
Crops - - -
Guinea Savanna Sahel Guinea Savanna Sahel Guinea Savanna Sahel
Cassava No change No change, No change, A0.1SIV A0.1SIV A0.1SIV A0.2SIV A0.2SIV Above 0.2
remains suitable  remains suitable  very marginally decrease, decrease, still  decrease decrease but decrease but SIV decrease
suitable remains suitable becomes still suitable still suitable becomes
suitable unsuitable unsuitable
Cowpea No change, A0.1SIV A0.1SIV No change, Same as Same as No changein  Same as in Same as in
highly suitable increase, highly  increase in the highly GWL1.5 GWL1.5 suitability GWL1.5 GWL1.5
suitable southern Sahel,  suitable
marginally
suitable
Groundnut No change in No change in Same as Same as in Same as Same as Same as in Same as Same as
suitability suitability Cowpea GWL1.5 GWL15 GWL1.5 GWL1.5 GWL15 GWL15
Maize Suitable except  Very suitable A0.1SIV Same as in About 0.1 SIV  Same as No changein ~ About 0.2 Same as
the coastal areas  except Sierra increase now GWL1.5 decrease but GWL1.5 suitability decrease in SIV. GWL1.5
of Nigeria and Leone and west  suitable in the still suitable but still suitable
Liberia coast of Guinea  south Sahel
Pearl millet Very suitable No change in No change but  No change About 0.1 Same as Same as About 0.2 A0.2SIV
except the south  SIV about 0.1 SIV with about decrease in GWL15 GWL2.0 decrease in SIV  decrease &
coast of Nigeria increase in 0.1SIVv SIV but still but still suitable  increase in
central Sahel decrease east  suitable western and
Guinea central Sahel
respectively
Plantain A0.1SIV A0.2SIV No change in Same as Same as Remains A0.1SIV Same as Remains
decrease but increase, now suitability GWL1.5 GWL1.5 Unsuitable decrease but GWL1.5 unsuitable
still suitable suitable in the remains still suitable
savanna zone unsuitable
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Under GWL2.0, the impact of the warming on crop suitability shows a similar spatial
suitability pattern as GWL1.5 over West Africa but with an intensification of GWL1.5 effect
across the different crop types over the region (Figure 4.1 & 4.2, column 3 and Table 4.2). The
intensity of change at GWL2.0 warming in comparison to GWL1.5 are most drastic on cereals
and root and tuber crops compared to the legumes both in magnitude of change and projected
spatial suitability distribution. The meridional (N-S) movement via projected increase
(expansion) and decrease (contraction) in magnitude and spatial suitability distribution at
different GWLs shows contraction are mainly to the south (around 14°N, marginal suitability
line from the historical climate and 0.4 contour line, 0.4 marginal suitability line) and
expansion to the north for the root and tuber and cereal crops except maize. As seen from
Figure 4.1, cassava remains the most impacted crop in the region due to 0.5°C increase
warming that further reduces areas suitable for cultivation of the crop over West Africa. A
reduction in suitable areas is also projected for groundnut and maize south of 14°N although
majorly with maize and in the eastern Sahel for cowpea in south western area of Chad. On the
other hand, the 2°C warming may also lead to an expansion in suitability over the region. A
projected spatial increase through an expansion of suitable areas for crop types except cassava
is expected at GWL2.0. The projected suitability increase has similar spatial pattern as
GWLL1.5 but with an increased magnitude of change in the suitability index value. All the
projected change at GWL2.0 is robust (i.e. statistically significant at 99% confidence level and
80% of the model agree to the sign of suitability change). The increase in the reduction of
suitable areas over the regions notably with cereals and root and tuber crops at GWL2.0
suggests keeping global warming to 1.5°C may limit decrease in projected SIV and spatial

suitability of affected area within the natural variability of the reference/historical climate.

The impact of increase in global warming beyond GWL1.5 and GWL2.0, will be more drastic
on cereals and root and tubers under GWL3.0 over West Africa (Figure 4.1 and 4.2, column 4,
see also Table 4.2). Under GWL3.0, the spatial suitability distribution over the region under
shows a similar spatial suitability distribution pattern over the region as the historical climate
with higher suitability to the south of MSL around 14°N and low suitability to the north of the
region. Projected change in SIV and suitable areas show an increase in the intensity of change
with increased warming compared to GWL1.5 and GWL2.0 especially the cereal and root tuber
crops. For example, projected decrease of 0.1 and up to 0.3 of SIV is projected for cassava
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along the coastal areas and further inland respectively across the three AEZs. The projected
SIV decrease for cassava under GWL3.0 will result in decrease in suitable areas from the
northern Savanna to south of the Sahel around 14°N except along the coasts in the Savanna.
The projected decrease in suitability over these areas shows the northern Sahel and Savanna
will become unsuitable and marginally suitable respectively for the cultivation of cassava
under GWL3.0 except in the southern Savanna and Guinea zone compared to the historical
period thus showing a constraint in growing the crop only in the southern area of the region.
The other root and tuber crop, plantain will also experience decrease up to 0.3 SIV over the
Guinea zone and along the western area of the Savanna however, the crop remain suitable over
the area. On the other hand, an increase in SIV above 0.2 is expected from the western to
eastern Savanna except over the north-central area of Nigeria. The projected SIV increase also
means an increase in the suitable area for the cultivation of plantain with increased suitability
from being marginally suitable to suitable. This projected expansion in suitable areas for
plantain thus provides an opportunity of more area for cultivation of the crop. As seen in
Figure 3 and described in Table 1, both maize and pearl millet under GWL3.0 remains suitable
over the Guinea and Savanna zone despite the projected decrease in SIV. However, the good
news is the spatial increase in suitable area for the crop in central Sahel as compared to being
marginally suitable in the past climate thus expanding northward in suitable areas which may
improve the production of the crop. There are no much changes in the SIV and suitable areas
for the cultivation of Legume crops, cowpea and groundnut, under GWL3.0.

Conversely under GWL3.0, projected decrease in SIV due to an increased warming will lead to
a further decrease in suitable areas compared to the past climate. This is particularly expected
over the Guinea and Savanna zones for roots and tuber ad cereal crop type due to a decrease in
magnitude of SIV and spatial contraction in suitable areas of these crop type. Also, the
projected changes under GWL2.0 and GWL3.0 are robust (i.e. are statistically significant at
99% confidence level) for all the crop types. In addition, as mentioned with GWL impact
warming above, a projected spatial suitability change may not change the crops suitability
spatial distribution status (e.g. from unsuitable to suitable or may remain marginal or highly
suitable) due to an increase warming over West Africa. For example, despite the projected
decrease in suitability index magnitude for cassava across West Africa, the crop will remain
very suitable south of 14°N under GWL2.0 and GWL3.0 warming over the region. On the
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other hand, despite the projected increase in suitability for groundnut, cowpea and maize north
of 14N over west Africa, these crops still retain the unsuitable to marginally suitable

characteristics in the Sahel zone.

4.3.3 Impact of different GWLs on crop planting period/month over West Africa

For all global warming levels, Ecocrop projected change in the planting period/month varies
for different crop types across the different AEZs of West Africa (Figs. 4.3 and 4.4, column 2-4
and Table 4.3). The increased warming resulted in early or late/delay in PM for different crops
and increases in magnitude with increasing warming level. It is worth stating that the change in
PM describe a change in the best three planting months under the three GWLs. For example,
under GWLL1.5 no change in PM is projected for legume crops except over the Sahel (around
13°N) and along the coastal area (Figs. 4.3, column 2-4, Table 4.3). A one-month delay in the
PM (Feb to March) is projected in the Sahel for both Cowpea and Groundnut compared to the
past climate. Along the coastal area, about two-month delay in the PM is projected along the
south-west coast from Sierra-Leone to Liberia and up to 2-3 months extending to the south
coast of Ivory Coast for Cowpea. A similar magnitude of delay in PM as Cowpea is projected
for Groundnut along the south-west coast from Sierra Leone to Liberia except in the north-east
of Sierra Leone. Under GWLL1.5, early planting of about one-month PM (i.e. from February to
January) is projected in the south-east of Nigeria for Cowpea as compared to the past climate
while Groundnut, a similar one-month early planting (February-January) is projected in the
north-east of Sierra Leone. Also, a two-month early planting along the south coast of Nigeria is
predicted under GWL1.5 (i.e. February to December of the preceding year). This means there
is a shift in the PM from February-April in the past climate into December-February under
GWLL1.5.
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Figure 4.3: Spatial distribution of crop suitability as simulated by Ecocrop over West Africa
for Hist. (column 1, left axis) and of change in crop suitability (right axis) at different global
warming levels (GWL1.5, GWL2.0, GWL3.0) under RCP8.5 scenario (column 2-4) for maize,
pearl millet and plantain. The colour in the historical month represents the first month of the
best three consecutive months (e.g. a simulated planting month showing September means
September-November planting period). The green and brown colour shows projected delay and
early shift in the planting month from the historical climate. The white areas along the coast
have no data. (0.0> not suitable >0.2> very marginal >0.4> marginal >0.6> suitable >0.8>
highly suitable). The contour lines represent crop suitability in the historical climate. The
vertical strip (|) indicates where at least 80% of the simulations agree on the sign of the
changes, while horizontal strip (—) indicates where at least 80% of the simulations agree that
the projected change is statistically significant (at 99% confidence level). The cross (+) shows
where both conditions are satisfied; hence, the change is robust

For cereal crops (Fig. 4.4, column 2-4, Table 4.3), a general delay in the PM is projected across
the region under GWL1.5 except over Sierra Leone and its boundary south-east boundary with

Liberia and north-east boundary with Guinea. This is observed over the central Guinea-
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Savanna zone in Nigeria except the south coast for millet and in the western and eastern
Savanna for maize. Projected delays in the PM for millet is about two months across region
and may be about four months in the central Sahel zone, south of Sierra Leone and south coast
of Nigeria under GWL1.5. Delay about two months in the PM is projected for maize from
Ivory Coast to central Cameroon in the Guinea zone, while the delay in PM is projected to be
above four months from the central part of Nigeria extending to its boundary in the north with
Niger Republic in the central Savanna-Sahel AEZ and in the south of Chad Republic in the
south-eastern Sahel. Conversely, under GWLL.5, an early planting about 2-3 months (i.e. from
December during the past climate to September) is projected from the east of Guinea extending
to western Nigeria in the Savanna-Sahel AEZs and along the north boundary of Cameroon and
South of Chad Republic in the eastern part of the Savanna AEZs for maize. For Millet, early
planting about 1-2 months (from February to December) is projected in the Savanna zone from
Sierra Leone and its boundary south-east boundary with Liberia and north-east boundary with
Guinea and also from the southern to north-central part of Nigeria in central Guinea-Savanna

zone except the south coast in the coastal area.

Projected changes in root and tuber crops follow similar pattern under the three GWLs
although with different magnitudes at different warming level and crop (Figs. 4.3 and 4.4,
column 2-4, Table 4.2). For example, about 2 months delay in planting of cassava in the
Guinea zone and the western Savanna zone under the three global warming levels. The
projected change means a change in the planting date of cassava from March to May along the
west coast of Guinea (western Savanna) to the south-west coast of Liberia and from the south
coast of Nigeria to the southern Cameroon (Guinea zone). Along coastal area, the projected
change in PM is from June to August from the south coast of Ivory Coast to Ghana in the
Guinea Zone. Additionally, under GWL1.5 a delay in PM of similar magnitude is predicted in
the north-east Nigeria, along the south-west coast from Senegal to Guinea and from the south-
east Mali to central region of Burkina Faso in the Sahel. On the other hand, an early planting is
projected for cassava in the central Savanna zone from the south east Mali to the south of Chad
Republic in the eastern Savanna zone except in the north-east Nigeria in the eastern Savanna
under GWLL1.5. The projected change in PM is about 4 months early (April to December),
compared to the past climate in the Savanna zone. For plantain, no change in PM is projected
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under GWL1.5. The no change in the month of planting may be linked to it be an annual crop

which can be planted at any month in the year.
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Figure 4.4: Spatial distribution of the best three planting month as simulated by Ecocrop over
West Africa for Hist. (column 1) and (column 2-4) at different global warming levels (GWL1.5,
GWL2.0, GWL3.0) under RCP8.5 for maize, pearl millet and plantain. The colour in the
historical month represents the first month of the best three consecutive months (e.g. a
simulated planting month showing September means September-November planting period).
The green and brown colour shows projected delay and early shift in the planting month from
the historical climate. The vertical strip (|) indicates where at least 80% of the simulations
agree on the sign of the changes, while horizontal strip (—) indicates where at least 80% of the
simulations agree that the projected change is statistically significant (at 99% confidence
level). The cross (+) shows where both conditions are satisfied; hence, the change is robust

At GWL2.0, projected change in crop PM show a similar spatial characteristic in projected
crop PM change across the three AEZs and crop types as simulated under GWL1.5 except with

few discrepancies in some areas or crop types (Figs. 4.3 & 4.4, column 3, Table 4.3). Legume
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crops projected change in PM under GWL2.0 show similar spatial pattern for both delay and
early in PM across the region as GWL1.5 except for Groundnut in the south coast of Nigeria.
An additional 0.5°C of warming is projected to potentially lead to an early planting of
Groundnut in south coast of Nigeria about 2-3 months, PM December, under GWL2.0
compared to PM in February in past climate i.e. a change in PM from February to December of
the preceding year. For cereals, projected change in PM similar spatial pattern for both maize
and pearl millet under GWL2.0 as projected under GWL1.5 except for an increase in
magnitude in the projected PM in the central Sahel under GWL2.0 for Pearl millet. A 2-month
late/delayed planting is projected in southern Niger Republic in the central Sahel zone under
GWL2.0. The projected delay means a change in the PM from April (April-June) in the past
climate to June (June-August) under GWL2.0 as compared to the one-month delay under
GWLL1.5 over the area. This suggest limiting the global warming to 1.5°C may help maintain
the in planting and cultivation period over this area within the natural variability of the
reference climate. Projected PM under GWL2.0 shows a delay about 1-2months to the south in
the Guinea zone and along the west coast from Guinea to south coast of Nigeria for cassava.
An early planting of the crop is projected in the north from the southern Senegal in western
Sahel Zone to the south of Chad Republic in the eastern Savanna zone. The projected change in
PM is about 4 months early (April to December) compared to the past climate in the Savanna
zone. Under GWL2.0, no projected change is predicted for Plantain as stated under GWLL1.5.
All the above projected changes in PM under GWL2.0 are robust for all the crop types.
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Table 4.3: Projected changes in time of planting (crop planting months) over West African AEZs at different global warming levels

Crops

Cassava

Cowpea

Groundnut

Maize

Pearl millet

Plantain

GWL15 GWL2.0 GWL3.0
Guinea Savanna Sahel Guinea Savanna Sahel Guinea Savanna Sahel
Delayed Early planting One-month Same as . .
planting for by four delay in Same as GWLL5 but No change in Same as Same as No planting
southern Sahel GWL15 ' planting, date GWL15 GWL15 date
two months months sone for more area
Oggig/ggth No change in  No change in Same as Same as No cr_]ange in Same as Same as No change in
planting planting date  planting date GWL1.5 GWL1.5 planting date GWL1.5 GWL1.5 planting date
Oggi;;igth No change in  No change in Same as Same as No change in Same as Same as No change in
planting planting date  planting date GWL1.5 GWL1.5 planting date GWL1.5 GWL1.5 planting date
h h Two-three
T Le;amg(r;t S months early No change in Same as Same as No change in Same as Same as No change in
| y & delay planting date GWLL15 GWLL15 planting date GWLL15 GWLL1.5 planting date
planting planting
except central
area
One-month Two months Two months
delayed delayed delayed Same as Same as Same as Same as Same as Same as
. . . GWL1.5 GWL1.5 GWL1.5 GWL1.5 GWL1.5 GWL1.5
planting planting planting
No change in No change in No change in No change in No change in No change in No change in No change in No change in

planting date

planting date

planting date

planting date

planting date

planting date

planting date

planting date

planting date
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An additional 0.5°C of warming is projected to potentially lead to an early planting of
Groundnut in south coast of Nigeria about 2-3 months, PM December, under GWL2.0
compared to PM in February in past climate i.e. a change in PM from February to December of
the preceding year. For cereals, projected change in PM similar spatial pattern for both maize
and pearl millet under GWL2.0 as projected under GWL1.5 except for an increase in
magnitude in the projected PM in the central Sahel under GWL2.0 for Pearl millet. A 2-month
late/delayed planting is projected in southern Niger Republic in the central Sahel zone under
GWL2.0. The projected delay means a change in the PM from April (April-June) in the past
climate to June (June-August) under GWL2.0 as compared to the one-month delay under
GWLL1.5 over the area. This suggest limiting the global warming to 1.5°C may help maintain
the in planting and cultivation period over this area within the natural variability of the
reference climate. Projected PM under GWL2.0 shows a delay about 1-2months to the south in
the Guinea zone and along the west coast from Guinea to south coast of Nigeria for cassava.
An early planting of the crop is projected in the north from the southern Senegal in western
Sahel Zone to the south of Chad Republic in the eastern Savanna zone. The projected change in
PM is about 4 months early (April to December) compared to the past climate in the Savanna
zone. Under GWL2.0, no projected change is predicted for Plantain as stated under GWL1.5.
All the above projected changes in PM under GWL2.0 are robust for all the crop types.

The projected change in planting month under GWL3.0 show a similar spatial characteristic as
that of GWL1.5 and GWL2.0 except for pearl millet over the Sahel zone (Figs. 4.3 & 4.4
column 4, Table 4.3). The increase in warming do not really influence the month of planting
under GWL3.0 differently from other warming levels. The main difference in PM under
GWL3.0 compared to other GWL1.5 & 2.0 is observed in central Sahel zone for cereal crop,
pearl millet. Pearl millet is projected will experience a delayed planting about four months

compared to the historical climate.

The effect of GWL2 & 3 warming in comparison to GWL1.5 are most drastic on millet and
plantain. This is so because the major meridional (N-S) movement via expansion and
contraction in suitability due to the increased warming are more observed with the two crops
but more with millet. Cassava remains to be the most impacted crop in the region as a 2°C

temperature warming leads to more contracted area in the cultivation of the crop over West
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Africa. A reduction in suitable areas are also projected for groundnut and maize south of 14°N
although majorly with maize and in the eastern Sahel for cowpea in south western area of
Chad. On the other hand, the 2°C warming may also lead to an expansion in suitability over the
region. An intensification of a projected meridional expansion of suitable areas for cowpea,
groundnut, maize, millet and plantain in comparison to the 1.5°C warming is expected coupled
with a zonal expansion (E-W spatial movement) in suitability are projected in the Sahel. In
addition, as mentioned in the 1.5-degree impact warming above, a projected spatial suitability
change may not change the crops suitability spatial distribution status (e.g. from unsuitable to
suitable or may remain marginal or highly suitable) due to an increase warming over West
Africa. For example, despite the projected decrease in suitability index magnitude for cassava
across West Africa, the crop will remain very suitable south of 14°N under GWL2.0 and
GWL3.0 warming over the region. On the other hand, despite the projected increase in
suitability for groundnut, cowpea and maize north of 14N over West Africa, these crops still

retain the unsuitable to marginally suitable characteristics in the Sahel zone.

4.3.4 Trends in projected change in crop suitability and month of planting under
different warming levels

We use the Theil-Sen estimator to assess the trends in crops suitability growth for each crop
across the three warming levels over West Africa (Table 4.5). The trend describes the rate of
increase and decrease of the suitable area and SIV with increasing global warming levels. In
general, the trends are positive, and the number represents the magnitude of the trend between
the projected change in suitability and past climate.

Our result shows that there is an increasing trend in crop suitability with increasing warming
levels across all the crop types except legumes. Cassava has the highest trend values with an
increasing trend value above 0.100 between GWL2.0 and GWL3.0 compared to the 0.028 for
GWL2.0 and GWLL1.5. The increase in trend value for cassava shows how the crop has been
greatly affected by the increasing warming especially under GWL3.0 compared to other crops
which has resulted in the loss of suitable areas in cultivating the cassava over the northern
Savanna zone to the southern Sahel zone of West Africa. In general, our finding shows the
trend value for each crop with each global warming level are almost three-four times the trend

value between GWL1.5 and GWL3.0 except cowpea which is farfetched from that projected
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trend value for GWL1.5 and GWL2.0 is about an average 0.05 except for cassava with almost

0.03 trend increase.

This result further confirms the reason we need to strive to ensure we limit global warming to
1.5°C and to call our scientist and policymakers to the devasting impact of warming of 3°C on
the different crops when compared to GWL2.0. This is in line with Rogelj et al. (2013) that
although the NDCs leads to significant reduction in emission, however their impact is below
the necessary emission reduction consistent with 2°C and 1.5°C climate target. For the Legume
crops, there was no change in trend value for cowpea and groundnut for all the warmings levels
from GWLL1.5 to GWL2.0 respectively while an increase in trend value is expected for
groundnut at GWL 3.0 over West Africa.

Table 4.4: Trends in projected changes of crop suitability over West Africa at different
warming levels

Crop GWL15 GWL2.0 GWL3.0
Cassava 1.026 1.054 1.157
Cowpea 1.000 1.000 1.000

Groundnut 1.000 1.000 1.004
Maize 1.005 1.011 1.036
Pearl millet 1.006 1.012 1.027
Plantain 1.000 1.008 1.042

Also, our finding showed the trends in projected change of PM for the six crops over West
Africa are positive for the three global warming levels. However, there was no change in the
magnitude of the trend value of PM for all crops across the three warming levels (Table 4.5).
The trend magnitude is 1.0 for all the crops across the three warming levels. The trends are

significant at 95% level.
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Table 4.5: Trends in projected changes in planting month over West Africa at different
warming levels

Crop GWL15 GWL2.0 GWL3.0
Cassava 1.000 1.000 1.000
Cowpea 1.000 1.000 1.000

Groundnut 1.000 1.000 1.000
Maize 1.000 1.000 1.000
Pearl millet 1.000 1.000 1.000
Plantain 1.000 1.000 1.000

4.4. Discussion

4.4.1 Sensitivity of different Crop types to different Global Warming levels in West
Africa

The crops examined in this study do not respond homogeneously to global warming. Of the
three crops types, root and tubers are most negatively impacted in comparison to cereals and
legumes. Root and tuber crops (cassava and plantain) are one of the six most important food
crops in the world and cassava is an important staple crop in West Africa (Jarvis et al., 2012a;
Sultan & Gaetani, 2016). From our findings, spatial contraction and decrease in SIV suitability
are projected for both plantain and cassava, in the Guinea and Savanna AEZs under GWL1.5
and GWL2.0. However, under GWL3.0 cassava will no longer be suitable for cultivation in the
southern Sahel and to the north of the Savanna zone (between 10 - 14°N). This may be
detrimental for food security and trade as cassava is one of the most important cultivated crop
in the region as it can be processed into different product being consumed by the inhabitants of
the region (Thiele et al., 2017). In contrast to root and tubers, a spatial expansion into the Sahel
AEZ and increased suitability is projected for the legumes (groundnut and cowpea) under the
three global warming levels. This may result in increased cultivable area and improving yield
for crops like groundnut which agree with previous findings (Sultan & Gaetani, 2016; Parkes et

al., 2018). For the cereal crops (millet and maize), sensitivity to global warming level results in
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more northward expansion but with a corresponding spatial contraction for both crops under
GWLL1.5 and 2.0. an increased intensity in the spatial contraction and loss of suitable areas for
the cultivation of the crop is expected under GWL3.0. The spatial expansion northward may be
as a result of a projected wetter Sahel (Nicholson, 2013). The projected change in PR of maize
corresponds to main rainy season in the Savanna-Sahel zone. This might be linked to projected

increase in suitability of maize in this zone.

An additional 0.5°C (GWL2.0 - GWL1.5) and 1.5°C (GWL3.0 — GWL1.5) warming- leads to
both spatial expansions and contractions of suitability in specific regions and influence the time
of planting, early and delay planting over West Africa. The projected change due to the impact
of additional 0.5°C and 1.5°C warming comes with both opportunities and constraints for
different crops across the AEZs of the region. Over the Sahel, will likely become wetter with
increasing greenhouse gas emission (Nicholson, 2013; Sylla et al., 2013) resulting in the
northward expansion of crops into the Sahel. There is also a projected increase in the length of
the rainy season (LRS) over the Guinea and Savanna zones (Kumi & Abiodun, 2018). This
may be responsible for the sustained levels of suitability despite the projected spatial
contraction (decrease in suitability) under GWL1.5 and 2.0 but not at GWL 3.0 especially for
the cassava and cereals where some areas become unsuitable due to the increased warming and
the delay in month of planting for the different crop types in the zone. This provides
opportunities for more cultivated land which may have a significant role in improving crop
yield and production over the region and might influence the socio-economy of the region

which is dependent on rainfed agriculture (Kurukulasuriya & Mendelsohn, 2006).

On the other hand, an additional 0.5 and 1.5°C warming will also lead to constraint in
suitability and spatial extent of some crops, most notably cassava, millet and plantain. In the
context of GWLs, delta 0.5 & 1.5°C may have limited impact on actual cropping with changes
in suitability from highly suitable to suitable (e.g. millet and plantain). However, although not
the purpose of this study, it will be very useful to quantify this change and investigate how it
may influence crop yield and production over the regions, which are projected to decrease over
the region in literature especially at GWL3.0 (Roudier et al., 2011; Challinor et al., 2014).
Furthermore, the projected increase in risks to crop production as global warming levels rise
from GWL1.5 to GWL2.0 and finally GWL3.0 is very evident. While all the crops are still
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suitable and can be cultivated over the region under GWL1.5 and to a reasonable level under
GWL2.0, the condition is much worse under GWL3.0 for all of the crops except cowpea and
groundnut as some current suitable areas becomes unsuitable due to more warming, potentially
compromising sustained crop production in West Africa. This further reiterate the importance
and need for policymakers to ensure their commitment in meeting the Paris agreement or
accords by member states of limiting global warming to 1.5°C above pre-industrial level. This
also calls for and put a responsibility on each member countries to implement their plan for
addressing climate change challenge beyond 2020 aimed at limiting temperature below 2°C
(Rogelj et al., 2016), otherwise this may be devasting and further compound the woes of a

highly vulnerable region like West Africa and with low adaptive capacity.

The impact of the projected global warming levels varies for the different crop types; however,
the influence is more pronounced on root and tuber and cereal crops especially cassava and
maize respectively. In general, projected delay in PM from one to over four months may be
experienced at over the region across the three AEZs under different warming levels. The
projected delays to the four crops, cowpea, groundnut, pearl millet and plantain across the three
warming levels and share common spatial characteristic pattern and sometimes in magnitude in
the month of delay except for some pockets of area notably along the coastal areas or the Sahel
zones where an early projected planting may expect for these crops. The impact of the
projected delay in the planting and cultivation of these crop will be of concern to farmers (crop
production and source of livelihoods) and policy makers (economic growth and international
trade) which may further aggravate the impact of climate change on the regions. On the other
hand, the impact of the global warming level on the PM is more drastic and obvious for
cassava and maize. The projected change for cassava and maize show delays in PM are
expected in the south notably over the Guinea and central Savanna zone and early planting in
the north in the Savanna-Sahel AEZs. The projected change in PM suggests an all-around
planting season for these crops, which are very crucial and important to the inhabitants of the
region in terms of livelihoods and economy in relation to crop production and food security as
well as regional and international trade to boost the economy respectively especially cassava in

which West African is one of the leading global producers of the crop.
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4.4.2 Regional crop suitability, changes in Planting months, Adaptation and socio-
economy in West Africa

Projected variability and shift in regional crop suitability and months of planting will be crucial
to the socio-economic activity and regional trade in West Africa. Increased agricultural
productivity can enhance economic growth resulting in industrial growth (Sultan & Gaetani,
2016). As seen from our findings above, projected crop suitability and notably the northern
spatial expansion is one of the important factors that may enhance increased agricultural
productivity. Increased suitability coupled with the planting during the best PMs, potentially
linked to an increased Length of Rainy Season (LRS), may result in more cultivated land for
crop growth and harvested areas. As earlier mentioned, the projected increased LRS with
increased warming under RCPs 4.5 and 8.5 over the Guinea-Savanna and Sahel zones
respectively (Kumi & Abiodun, 2018) and a wetter Sahel (Nicholson, 2013) can help improve
agricultural productivity in the regions and have a positive impact on the economy and
livelihoods of the inhabitants. Also, variation in suitability and planting months of the different
crops can help increase the socio-economic livelihoods through regional trade amongst
countries. Some countries with projected suitability expansion can improve their production
through the availability of more cultivated lands to meet their needs and create a market for
countries with no or projected contraction in suitability to help offsets their production deficits.
Also, the variation in the period of planting for the different AEZs can create regional
opportunity as crop production will be at different times of the years and this may help with

regional and international trade amongst the different countries.

In regions where there are contractions in the spatial extent of suitability or reductions in the
suitability index, improved adaptation strategies will be key to mitigate the impacts of these
changes. With impact of GWL2.0 and GWL3.0 more drastic on crops such as cassava and
maize, with their high socio-economic importance in West Africa, an improved understanding
about the timing of for adaptation cannot be overemphasized owing to the high vulnerability
and low adaptive capacity of West Africa (Niang et al., 2014). This is important with the
variation in projected changes in the month of planting for the different crop types. New
knowledge about developing adaptation strategies, such as transformational adaptation as
proposed by Rippke et al. (2016), may assist in mitigating the impact of GWL1.5, GWLZ2.0,

GWL3.0 on crop suitability coupled with the projected changes in the month of planting over
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West Africa notably for cereal and root and tuber crops, with spatial contraction and decrease
suitability (Roudier et al., 2011; Challinor et al., 2014). These types of adaptation strategies
could improve food security in the region through not only maximizing the yield potential of
suitable areas, but also enhance regional trades amongst countries through trade-offs based on
crop suitability status of each country (Rippke et al., 2016).

4.5. Summary and Conclusion

In this study we assessed the impact of 1.5, 2 and 3°C warming on crop suitability over West
Africa. Climate characteristics result from 10 CMIP5 GCMs downscaled with RCA4 under
RCP8.5 scenarios, and were used as input into crop suitability model, Ecocrop for the past and
future climate over West Africa. The impact of 1.5, 2, and 3°C warming were computed using
1971-2000 as the reference period for six crops, millet, cassava, groundnut, cowpea, maize and

plantain. Our findings are as follows:

e alow or no suitability to the north and high suitability to the south separated marginal
suitability line over West Africa in the historical climate for all the six crops, in general,
marginal suitability lines are observed around 14°N for all the crops across the region

except for plantain. Plantain has its marginal suitability line south of 12°N.

e at GWLL.5, there is a broadly similar spatial pattern of variation in suitability as the
historical climate. However, a suitability shift (both spatial expansion and contraction
simultaneously) is projected under 1.5°C warming for cereals, legumes, groundnut
along the central southern Sahel (around 13-14°N) and in the Guinea-Savanna zones for

root and tuber, plantain.

e projected changes in crop suitability and suitable areas under the GWL1.5 shows all the
crops remain suitable across the three AEZs of West Africa although with reduction in

the SIV of some crops like cassava and the cereals.
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with GWL2.0, the impact is more drastic on cereals and root and tubers with decrease
in SIV of crops and a reduction in the suitability of some areas but are still suitable

compared to legumes which have a relatively no change.

the impact of GWL3.0 leads to a more devastating effect such as a high decrease in the
crop SIV resulting in more suitable areas becoming less suitable and unsuitable for
cultivation notably south of the region. In contrast, warming under GWL3.0 leads to a
northern extension of suitable area in growing cereals and legumes in the central area of
the southern Sahel. However, the suitable areas lost are far more than those gained with

the increasing warming.

the projected impact of GWL3.0 in comparison to GWL1.5 are most drastic on cereals
and root and tuber crops with cassava the most impacted crop. The increase in
warming, results in loss of suitable areas in the southern Savanna and northern Sahel
zone of the region become unsuitable for cassava the south coast of Nigeria in the
Guinea zone become marginally suitable for pearl millet and very high reduction, up to
0.3 in SIV for other crops. This further emphasize the need for commitment to the Paris
Accord by member country and the benefit of limiting global warming to 1.5°C that
provides a suitable and favourable condition for cultivation and growth of the crops

over West Africa.

the projected changes in crop suitability under GWL2.0 are less than at GWL3.0. The
change shows that an additional 1.0°C beyond GWL2.0 results in decrease in SIV of
the crop with drastic impact on the suitable area in the past climate leading to reduction
in suitability of cultivated areas south of 14°N over West Africa This benefit in keeping
global warming well below 2°C compared to GWL3.0 cannot be overemphasized with

the fast-growing population and food demand over West Africa.

the impacts of the three GWLs for planting month varies for the different crop types but
is more pronounced on root and tuber and cereal crops especially cassava and maize
respectively. In general, projected delay in PM from one to over 4 months may be
experienced over the region across the three AEZs under the three GWLs for legumes,

pearl millet and plantain.

123



e the projected change for cassava and maize show delays in PM are expected in the
south notably over the Guinea and central Savanna zone and early planting in the north
in the Savanna-Sahel AEZs.

e there is an increasing trend in the projected change in crop suitability with increasing
warming over the region for all the crops except cowpea and for groundnut between
GWLL1.5 and GWL2.0. Although there were projected changes in PM for the crops,
there was no change in the magnitude of trend value for the historical period and the

three warming levels.

Although the present study has enhanced our understanding on the impact of GWL1.5, 2.0 and
3.0 warming on crop suitability and planting season over West Africa, future studies may
investigate the impact of GWLL1.5, 2.0 and 3.0 warming on crop suitability over the region
using more RCMs other than the single RCM with the different forcing GCMs used in this
study as inputs into Ecocrop for robust findings. Furthermore, the present study only considers
six crops over the region, future work may use more crops and crops classes such as
horticultural crops like pineapple, tomatoes, fruit crops like oranges, mango, more cereals like
wheat, rice; cash crops like oil palm, root and tuber-like yam to mention a few. Such research
is needed to help guide policymakers at both the national and the regional level in reducing the
impact and risk associated with food insecurity/scarcity in changing climate in West Africa.
Nevertheless, the present work has established that using RCM, RCA4 to downscale GCM
simulations to drive a crop suitability model, can help improve our understanding on the
impact of GWLL1.5, 2.0 and 3.0 on crop suitability over West Africa. In addition, the study also
shows the benefit of keeping global temperature below 2°C warming and most especially
GWL3.0 on crop suitability growth and month of planting over West Africa
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This last chapter reflects on previous chapters and summarises the main findings. It then
synthesises the research findings and constructs emerging conclusions about crop-climate
departure, its timing and urgency of adaptation. Finally, it proposes future work to further

consolidate and advance knowledge in this study area.
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CHAPTER 5

5.1 Final Conclusions

This dissertation has presented a thorough description of the spatio-temporal effects of
projected climate on crop suitability over West Africa. The successful conceptualization and
development of the crop-climate departure concept provided a tool for an improved
understanding of the crop-climate relationship, particularly crop suitability departures under a
changing climate in West Africa. This concept enabled the assessment of future changes in
crop suitability and planting season by the end of century, revealing the benefits and
constraints in the spatio-temporal variability of crop suitability distribution for different crop
types across the region. The influence of the projected global warming levels (1.5, 2.0 and
3.0°C) on crop suitability was also investigated specifically up to the warming levels
(GWL3.0°C) of Nationally Determined Contribution (NDC) which was unavailable in previous
methodologies and studies.

The key findings are as follows:

A cue was taken from the methodology of Mora et al. (2013) to develop an appropriate
approach to define crop-climate departure and to understand the projected future climate driven
crop departures based on the crop suitability characteristics. It was demonstrated that the
concept helped to characterise the suitability changes of different crops over three climatic
stations from the three AEZs of West Africa. It further reveals variability in crop suitability
across the AEZs showing a projected constraint in the cultivation of cassava and pineapple in
the Guinea zone by mid-century and a future opportunity via a northward expansion of the
suitable area for maize into the southern Sahel zone by the end of the century. The Savanna
zone seem to be the most sensitive zone to the impact of crop-climate departure compared to
the Guinea and Sahel zone. The ability of the method to provide information on future
characteristic of crop departure at the station across the three AEZs suggests it may have

potential in addressing a detail gap in the spatio -temporal characteristic at regional level.

An analysis of future changes in crop suitability spatial distribution for different crop types
revealed a spatial variability in projected suitable area with horticulture, cereals, root and tuber

are the most negatively impacted with a decrease in suitable area from the near-future period
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(2031-2050). A northward expansion leading to an increase in suitable area for cereals,
legumes crops, and mango, is expected in the southern Sahel zone under RCP8.5. There is an
increasing trend (either for expansion or reduction in suitable areas) in the projected suitability
change for all the crops except yam. The study shows the applicability of the concept of crop-
climate departure in characterising the sensitivity of crops through spatial variability in crop

suitability changes at different time periods, from near future until the end of the century.

For the planting month, our analysis showed no change in planting date is expected for
plantain, pineapple over the region and for cassava over the Guinea and western Savanna zone.
However, about one-month delay for legumes and cereal crops over the region except maize
with projected 1-2months early planting notably on Savanna zone and tomato except the Sahel
zone. Perennial crop, orange and mango, and tomato projected to experience about two months
delay over the southern Sahel for mango and orange but till mid-century while up to three-
month delay is projected for yam in the Guinea- Savanna zone. In contrast, about two months
early planting is projected for maize and mango in the Savanna-Sahel zone and up to three
months for cassava from central to eastern Savanna zone. The result also applicability of the
concept of crop-climate departure in characterising the sensitivity and temporal variability of

crop departure and suitability changes over the region.

The final part of this dissertation presented an analysis of the impact of the different global
warming levels (GWL1.5°C, GWL2.0°C and GWL3.0°C) on crop suitability and planting
months of different crops over West Africa. The result indicated that all crops except cowpea
and groundnut showed increased suitability with increasing global warming levels, with the
least impact under GWL1.5°C and the worst occurring under GWL3.0°C. Cassava is the most
negatively affected crop with decreasing suitability area while cowpea and groundnut are
simulated to increase in suitable area into the southern Sahel zone. The study further confirms
the need to keep global temperature below 1.5°C as crops largely remain suitable under this

warming threshold, where food security may be compromised for warmer changes.

The question was asked whether the inability to meet the NDC plan and the potential of
reaching a projected temperature increase up to 3°C will affect crop suitability and agriculture

over West Africa? An increase in suitable area in the central Sahel zone for cereals and further
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decrease in suitable area for cassava except in the southern Savanna and Guinea zone suggests
a constraint in growing cassava only in the southern part of region and expansion of cereals
crops into the southern Sahel. The result provides a new insight that inability to meet the NDC
plan and reaching a global warming level up to 3°C comes with both limitation and

opportunities in West Africa.

The analysis of the GWLs impact on crop suitability and suitability index value provides a new
insight that can be employed in examining how specific global warming threshold is useful in
monitoring spatial variability of crop suitability over West Africa. This provides information
on the opportunity and constraints in suitable areas for a specific global warming level over a
geographical area that can be useful to scientist and guide policy makers in their future

planning and choice of adaptation strategies.

5.2 Implication of key findings

5.2.1 Defining crop-climate departure using crop suitability characteristics

For this study, | engage critically the issues of climate change, change in climate variability
and departure of cropping systems under climate change, in highly sensitive, vulnerable and
with low adaptive capacity condition as typical in the West African rainfed agricultural sector.
Agriculture, especially crop growth and yield, is highly dependent on weather events in SSA,
where 97% of agricultural land is rain-fed (Roudier et al., 2011; Rockstrom et al., 2014). The
impact of climate change on crop yields is already a major concern in this region and further
warming with an increase in the human-induced carbon emission will aggravate the existing
climate change impact in SSA (Mora et al., 2013; Challinor et al.,2014). Crop growth and yield
are directly proportional to its suitability threshold (Luo, 2011).

Having observed dependency and sensitivity of crop on the climate, i.e. a crop-climate
relationship and future projection identifying West Africa as one of the hotspots for climate
departure, in chapter 2, | proposed a definition on the concept of crop-climate departure to
demonstrate the crop realisation of the departure in crop suitability over the region. The crop
suitability characteristics was employed to describe the concept of crop-climate departure at the

three stations which are representative of the three West African AEZs (chapter 2). This was
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useful in identifying the variation in suitability of different crops over the AEZs as simulated
by crop suitability model, Ecocrop. In chapter 3, | further explore to assess the application of
this concept for different crop types at different climate change windows, the near-future
period until the end of the century over the region. This reveals the impact of the increasing
warming on crop suitability distribution over West Africa at different climate change windows.
| showed the decreasing spatial suitability distribution and suitability index values as simulated
by Ecocrop as approach the end of the century. In chapter 4, the concept was employed to
characterise the spatial suitability distribution of different crops at global warming levels, 1.5, 2
and 3°C over West Africa. This reveals the impact and shows the variation in the suitability
distribution over the region at different global warming levels. Over the two chapters, | argue
that the ability and application of the concept of crop-climate departure to characterize crop
suitability distribution spatially and over a time period makes it a highly suitable tool to
improve agricultural production and improve security, particularly over region with low
adaptive capacity and high vulnerability to climate change impacts and one of the hot spots for

climate departure whose livelihoods is dependent on rainfed agriculture like West Africa.

5.2.2 Spatial variability of crop suitability and Regional socio-economic development

As with climate, crop suitability varies across space and time in response in part to the
variability in climates' spatio-temporal characteristics. Crop suitability projection can help
provide information on future geographical opportunities and constraints that arise from
increasing and reducing suitable croplands respectively in certain countries and regions. In
chapter 2, the characterisation of crop suitability helps reveal the variability in spatial
suitability distribution across the three AEZs. | showed the potential future opportunities and
constraint for the different crops due to increased warming across the AEZs and particularly
highlighting the Savanna zone as the most sensitive and impacted zone with spatial variability
of crop departure. The projected future opportunities and constraint arising from the spatial
variability in croplands were shown to be sensitive to warming and showing amplified
constraints with higher warming. The increase in future geographical constraint is expected by
the mid of century for most crop types notably horticulture and cereals while legume crops and
maize are expected in enjoy more suitable land by extending into the southern Sahel zone
(chapter 3). In Chapter 4, spatial variability in suitable areas and croplands were further
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observed at different global warming levels. Comparatively best suitability opportunities are

projected in scenarios remaining under 1.5°C global warming.

The projected spatial variability in suitable areas provides opportunity for mutual trade revision
regional trade and socio-economic growth amongst countries in West Africa. This is very
important to improve the livelihood and economy of the individual and countries at large. The
variability in a suitable area can assist with regional interaction in terms of regional vision of
suitability for mutual trade to help balance expected opportunities and constraints amongst
countries or AEZs within the region. The regional vision will allow countries with
opportunities or expansion in suitable area for specific crops may seek to form a trade alliance
in line with the mutual trade benefits with those with constraint or reduction in suitable area for
similar crop but with other potential benefits. Although, while we do not ignore the inability of
countries to make a deal with food security at heart readily compared to oil trade deals or other
resources with simply competitive advantage or potential to generate revenue however such a
process may help improve access to food, reduce the prevalence of chronic hunger and improve
food security and economic growth in the region.

5.2.3 Benefits of understanding the timing of crop-climate departure and timely
adaptation in anticipating Food security

Improved knowledge of the timing of crop-climate departure from past climate-crop threshold
pattern may assist with climate-crop suitability projections and increase food security
(Ramirez-Villegas and Thornton, 2015). This provides information on future constraints and
opportunities that may arise from the reduction and increasing croplands in certain countries
and regions. In chapter 2, at a station level, I provide evidence through the timing of the crop-
climate departure of future constraint leading to a reduction in croplands over the Savanna zone
of West Africa by mid-century for cassava and pineapple. The result shows a future constraint
in growing these crops, notably cassava only the Guinea zone by mid-century. In contrast, an
evidence of future opportunity resulting in increased croplands in the Sahel zone by the end of
the century for maize is expected. In chapter 4, at a regional scale, | further provide evidence
on the associated influence of the different global warming levels on crop departure resulting in
future constraints and opportunities in crop suitable areas croplands and planting season across

the region. Future opportunities with increase in suitable agricultural land is expected under a
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GWL1.5°C for cowpea and groundnut compared to the historical period. However, higher
constraints with more reduction in suitable croplands are expected for cassava under GWL3°C.
A similar approach as in chapter 2 was employed over the region at a different climatic
window to provide evidence future constraints and opportunities in cropland and planting
months. The result showed an increase in croplands are associated with legumes and cereals

but a reduction in crops suitable agricultural lands for horticulture and cassava (Chapter 4).

5.3 Contribution to Knowledge

This research contributes to our understanding on the crop-climate relationship as learned from
historical norm and projected in terms of temporal and spatial realisation of crop suitability
departure and the urgency of response where it exists. The study has helped defined and
developed a methodology on future climate driven crop departure assessment called the
concept of crop-climate departure. The crop-climate departure concept acknowledging that
climate and food systems are not linearly related shows a departure in climate regime is not
necessarily related to a departure in cropping system, as well as a cropping system could
radically change as a response to a marginal climate change. The concept of crop-climate
departure provides a tool for characterizing crop suitability departure and improve our

knowledge of food production and food security in a warming climate.

Also, although the GWL threshold (1.5, 2.0, 3.0°C) do not have a direct agricultural meaning,
the research provides a new insight at identifying varying responses such as expansion and
contraction in suitable area at a specific global warming level/threshold for different crop and
location. We showed agriculture suitability as in opportunity to sustainably produce food
remains within the norm under the GWL1.5 and will become abnormally challenged beyond

however acknowledging different space and time responses, depending on crops and locations.

In addition, the study suggests a new approach that can be employed by scientist and guide
policy makers in future planning and prioritization of actions (e.g. adaptation strategies) that
will be an important aspect for development in a changing climate as evident through the
projected timing of crop departures. Moreover, projected opportunities (through expansion of

suitable area) and constraints (reduction in suitable area) in crop suitability and planting season
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can provides a great opportunity for socio-economic development and trade at the national,
regional and international level. This information is very important especially at region/global
scale where powers (countries) cannot rely anymore on the current or foreseeable situation but
must account for distant projection and leverage regional/global alliances as observed in the

different spatial variability.

5.4 Concluding Remarks

This dissertation shows the importance of how information on future changes in the spatio-
temporal characteristics of crop suitability can be used improve food production and especially
food security in West Africa. The dissertation provides evidence on the suitability and
applicability of the concept crop-climate departure in understanding future changes in crop
suitability and planting season in a projected climate over West Africa. Taking a cue from the
methodology of Mora et al (2013), | explored the climate change induced crop realizations of
the climate departing from historical variability, developed and proposed the concept called the
crop-climate departure (CCD) in the context of recent climate historical variability and future
climate projections. The dissertation presents a suitable technique based on crop suitability
characteristics to examine and show the departure in crop suitability from historical variability
both over three stations representative of three AEZs of West Africa. The lack of information
of the future spatio-temporal characteristics of crop suitability and planting period has led to
many flaws in planning and agricultural development programs against future impact of
climate change on agricultural production in a West Africa. Hence, the region like among
others in Africa still lags in food security compared to other parts of the globe, despite its great
potential to be independent in food production and a major producer in the continent and world
at large. It demonstrates the applicability and usefulness of CCD over different time period
from near future to end of century for different crop types. This dissertation highlights and
provides information on the projected opportunity and constraints in spatial variability of crop
suitability for the different crop types over different climate period and under different global
warming levels. The evidence of projected increase in suitable areas for crops like cereals into
the southern Sahel while constraints resulting reduction in suitable area is projected for some
crops by mid-century. In addition, the dissertation also provided information varying response
to the global warming levels (1.5, 2.0 and 3.0°C) showed agriculture suitability as in
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opportunity to sustainably produce food remains within the norm under the GWL1.5°C. Thus,
the application of CCD aims to underpin future works to advance the study of future changes in
crop suitability and planting season in any region of the world. This type of analysis is
important for adaptation options and planning for future changes in the crop suitability and

planting period to improve food security.
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