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Abstract

Alarming projections of climate change, increasing aridity and decreasing water

availability, coupled with continued population growth, changes in dietary patterns

and expanding biofuel use represent some of the heaviest pressures on global agri-

culture. In addition, crop yields are generally projected to decrease under future

climate conditions. All these factors heavily impact food production and constitute

worrisome implications for food security. At the same time, to meet the projected

demands from population and societal changes, global crop production needs to

double globally by 2050, and the commonly preferred solution for achieving such

increment is through boosting crop yields. But while western countries are closer to

their crop yield potential, Africa still falls behind in crop yield gap closure.

This work develops high-resolution, crop water footprint (CWF) scenarios of

different crops across the African continent for 2010, 2040, 2070 and 2100, in or-

der to assess the impacts of climate change on African agriculture. In addition, by

including crop yield forecasts which project a high input, advanced management

agriculture on the continent, it investigates if food security can be achieved by in-

creasing production on the current harvested areas and how this will affect the water

resources. Results show that advanced management practices bring crop yields to

increase up to three folds, while the water use efficiency also improves - between

2010 and 2040, the average unitary water footprint (uWF) decreases by 62% and

74%, in the case of maize and sorghum respectively, over the whole continent. As an

example, in Mozambique it decreases by 78% between 2010 and 2040; nevertheless,

in Egypt the uWF increases by 58%, in the case of maize. At the same time, in both

countries, the CWF of maize increases from 2010 to 2040, respectively by 58% and

150%. These results show that, when the increment in agricultural production is

taken into account, the water volume needed rises - 30% and 25% average increment

in volume, respectively for maize and sorghum, between 2010 and 2040 across Africa

-, putting a strain on a natural resource already affected by climate change.
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Chapter 1

Introduction

Climate change is already affecting every inhabited region across the globe and its

impacts are now well documented. Widespread and rapid changes in the atmosphere,

ocean, cryosphere and biosphere have occurred; global temperature and precipita-

tion have increased since 1850, the oceans have warmed and the global mean sea

level have risen (IPCC, 2021). Human-induced climate change is affecting many

weather and climate extremes in every region across the globe and there is evidence

of changes in extremes such as heatwaves, heavy precipitation, droughts and tropical

cyclones, which are attributed to human influence (IPCC, 2021). Among all of this,

climate change also affects food production. Warmer mean and extreme tempera-

tures, altered precipitation regimes and drought patterns, elevated atmospheric CO2

concentrations, among many other mechanisms, already affect agricultural produc-

tivity worldwide (Jägermeyr et al., 2021).

The whole picture, however, is even more daunting, since, in parallel to climate

change impacts on agriculture, other pressures affect this sector nowadays. The

world is experiencing rising demand for crop production, which stem from increas-

ing human population, meat and dairy consumption, as a consequence of growing

affluence, and biofuel consumption (Ray et al., 2013). The demand for food and

animal feed is increasing at a historic pace and countries are increasingly turning

to agricultural commodities as a solution to high fuel prices, energy security, and

growing CO2 emissions (Elliott et al., 2014). Ray et al. (2013) estimated that the

global agricultural production will need to be increased by 60 to 110% in order to
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Chapter 1. Introduction

meet such increasing demands as well as to provide food security to the chronically

undernourished share of the global population. Yet, this represents a double sided

challenge. While climate change is affecting agricultural production, slowing its

yearly increment towards 2050, world hunger is on the rise. After remaining stable

for few years, the prevalence of undernourishment increased from 8.4 to 9.9% just in

2020. Under the shadow of the COVID-19 pandemic world hunger increased again,

between 720 and 811 million people faced hunger in 2020, around 118 million more

than in 2019 (FAO et al., 2021).

Percentage [%]

7,1

10.1

18,7

28,2

31,8

Figure 1.1: Prevalence of Undernourishment, 2020. The prevalence of undernour-

ishment expresses the probability that a randomly selected individual consumes an

amount of calories that is insufficient to cover her/his energy requirement for an

active and healthy life (FAOSTAT, 2021).

10



Chapter 1. Introduction

As the availability of land for agricultural uses stagnates or even declines, in-

creased land-use intensification and improved management to increase yields on

existing lands have been proposed as possible solutions to meet demand challenges

and to attenuate some of the negative impacts of climate change (Elliott et al.,

2014). Crop yield growth has been shown as an effective tool for increasing agricul-

tural production and meeting food demand on existing cropland, withount further

encroachment on natural ecosystems such as forests, wetlands and savannas. Poten-

tially, it can also contribute in reducing global poverty and undernourishment, as

farmers constitute a wide share of the poor population (Ray et al., 2013). However,

yields are not improving on 24 to 39% of cropland areas in top producing nations

with rising population and increasing affluence (Ray et al., 2013). Growing season

temperatures, over all harvested areas for the major ten global crops have increased

of 0.5 to 1.2 °C and recent research suggests that yields have already been impacted.

According to Ray et al. (2019), this has led to a 1% average reduction in consumable

food calories in these ten crops. In addition, crop yields are predicted to decrease

under future climate conditions; especially at higher levels of warming strong future

yield losses are expected (Ray et al., 2019). Also freshwater limitations will take a

toll on irrigated production, some regions could necessitate the reversion of 20 to 60

Mha of cropland from irrigated to rainfed management by the end of the century

(Elliott et al., 2014).

The largest adverse impacts on yields have been found in low-latitude regions

by several studies using Global Gridded Crop Models (GGCMs) or linear regression

analyses (Jägermeyr et al., 2021; Ray et al., 2019; Elliott et al., 2014; Rosenzweig

et al., 2014). Results suggest that climate impacts on tropical croplands are generally

more negative than the mid- and high-latitude impacts. Even moderate tempera-

ture increases will have negative yield impacts on major crops in tropical regions

due to their current proximity to crop-limiting temperatures thresholds for suitable

production (Jägermeyr et al., 2021; Rosenzweig et al., 2014). Furthermore, increases

in tropical temperatures can lead to shortening of growing periods, greater evapo-

rative demand and, thus, water stress on crops, while CO2 fertilization effects can

not compensate such impacts (Rosenzweig et al., 2014).
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Chapter 1. Introduction

Most parts of Africa lie exactly between the tropics. Here, hunger affects 21%

of the population, compared with 9% in Asia and 9.1% in Latin American and

the Caribbean (FAO et al., 2021). A map of the prevalence of undernourishment in

Africa can be seen in figure 1.1. Although food demand is expected to increase more

than 60% by 2050, the rise is expected to be much greater is sub-Saharan Africa, a

region facing the greatest food security risk, which is expected to see its population

double by 2050 and its cereal demand almost triple (van Ittersum et al., 2016). The

causes of hunger in Africa are many: poverty, poorly developed agricultural infras-

tructure, competition for water and other resources, conflicts and natural disasters.

Among these, insufficient food supply is one of the main causes (Tian and Yu, 2019).

Therefore, increasing food production still plays a central role in eradicating hunger

in the continent. This brought to the definition of the focus of this work. The

present thesis focuses on the African continent and it explores (i) the dynamics and

impacts of climate change over its cultivated areas, and (ii) the implications of the

advancement in agricultural management. The investigation has been built around

the crop water footprint (CWF), as the subject of this work, given the inclusion

in such indicator of agriculture-related variables, such as yields and harvested areas

indirectly, as well as climatic and water-related ones, namely evapotranspiration and

precipitation (D’Odorico et al., 2019, 2018). The concept of “water footprint” pro-

vides a framework to analyse the link between human consumption and the direct

and indirect appropriation of global freshwater. The water footprint of a product

(also known as “virtual water content” (Allan, 2011)), usually expressed in water

volume per unit of product is the sum of the water used in the process steps taken

to produce such product (Mekonnen and Hoekstra, 2011). By making future projec-

tions of this indicator calculated for crops it was possible to investigate the impacts

of climate change on agriculture but also the effects of a strong increment of yields

on the natural resources. The hypothesis of a strong yield increase thanks to a high

input agricultural management projected on the continent represents the conceptual

center of this work and defines its underpinning research: (i) What would happen if

it was possible to reach an advanced agricultural management on the current crop-

land by 2040? (ii) Would the production be sufficient to meet the growing food

12



Chapter 1. Introduction

demand? And (iii) How would this impact the water resources?

This study consisted in an investigation of global gridded crop models (GGCMs)

(Rosenzweig et al., 2014), to find the most suitable for the purpose of this work.

The choice of GAEZ v4 (FAO and IIASA, 2021) allowed to introduce the assump-

tion of improved agricultural management from 2040 onwards. Most commonly,

GGCMs used in the literature are merely driven by variable information on weather

and atmospheric CO2 concentrations, whereas assumptions on soil properties and

management systems are static (Müller et al., 2017). Therefore, the choice of pro-

jecting improved management conditions on agriculture constitutes a new approach

in the CWF literature. Such strong assumption has been coupled with a constraint:

harvested areas have been kept constant at 2010, the last year for which a grid-

ded dataset is available, in order to simulate a form of agricultural intensification

over the continent. Global agricultural intensification through ever-increasing re-

source use is a main driver of current transgressions of ‘planetary boundaries’ and

irrigation, which is of paramount importance to increasing productivity on existing

agricultural lands, already accounts for more than 70% of human water withdrawals,

representing, globally, the largest freshwater user (Jägermeyr et al., 2021). However,

African agriculture still relies mostly on rainfall and there are many locations across

the African territory where the actual crop yield falls below its potential, due to

water stress conditions occurring along the cropping period, and groundwater re-

sources are notably underutilized, despite the potential for sustainable use by taking

advantage of the rainfall generated recharge (De Angelis et al., 2021). Therefore,

improved water management is a key driver for the closure of the yield gap, since

it allows to expand current agricultural production with proper infrastructures for

irrigation where the locally generated runoff is large enough, without compromis-

ing the environmental flow and the downstream flow towards the other cells of the

drainage network (De Angelis et al., 2021). The work proceeded with the adaptation

of the model developed by Tuninetti et al. (2015) to work on future CWF scenarios

four crops: maize, wheat, sorghum and soy. The first two crops are the principal

grains grown on the continent, while sorghum is an important crop in Africa but

often disregarded by similar studies performed on a global level, most commonly

13



Chapter 1. Introduction

substituted by rice. Maize is the most widespread cultivation and it is present in

nearly all the ecological zones.

(a)

Agricultural System

Water

Other land

Forest

Irrigated 

Paddy rice

Dry savanna agriculture

Humid savanna agriculture

Highland agriculture

Warm (sub-) humid agriculture

Temperate agriculture

Desert

Dry rangeland

Temperate rangeland

Boreal

(b)

Figure 1.2: (a) Geographic map of Africa; (b) Major Agricultural Systems, taken

from AQUAMAPS (FAO, 2021).

Most of the African agricultural production relies upon rainfall along the crop-

ping period to meet its water requirements and only a few locations manage to

exploit surface and groundwater bodies for irrigation purposes. This is caused by a

lack of proper infrastructures able to transport water towards cultivated areas. Most

of the areas equipped for irrigation AEI are located in the north, specifically along

the Nile river in Egypt and Sudan (De Angelis et al., 2021); AEI are shown in figure

1.3b. As a consequence to the strong rely on precipitation, farmers are exposed to

climate varability and extreme events, which impact food security and compromise

price stability. This is further worsen by the prevalence, in sub-Saharan Africa, of

smallholder farmers (i.e., cultivating less than five hectares per household), which

produce over 70% of the total food calories, since it increases the single farmer risk

of complete crop loss due to climate extremes.
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Figure 1.3: (a) Estimated aridity over Africa; taken from FAO (2021); (b) Area

equipped for irrigation (AEI ), available from Siebert et al. (2013).

The Master Thesis is organized in the following chapters: chapter 2 presents the

multiple data sets used in the evaluation of the CWF scenarios and the GGCMs

which have been validated before selecting GAEZ v4. Chapter 3 introduces the

methodology followed by this study. The first section describes the process of

GGCMs validation and choice. In the second section, the analysis performed on

the selected GGCM is described. Then, the third section of chapter 3 describes

the CWF model developed by Tuninetti et al. (2015), its inner workings and the

modifications which have been brough for it to work on future scenarios. The fourth

sections describes how future scenarios have been compared with the present base-

line, in order to represent them in the results. These are illustrated and discussed

in chapter 4. First, the results are depicted at the continental-level of aggragtion,

then their spatial distribution is assessed by keeping the results at the cell-level and

representing them on maps. In addition, different configurations of the CWF are

shown, namely its blue, green, rainfed and irrigated components, in order to high-
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light specific aspects better described by each of them. Results are accompanied by

comments on the visible effects of climate change or on the effects of the advanced

management assumption on the outcomes. Chapter 5 discusses the results in the

view of the production increase owed to such assumption and the eventual satisfac-

tion of future demand. In addition, the impacts which such assumptions brings on

the water resources is discussed in view of the continent water availability. Finally,

the conclusions are drawn in chapter 6.
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As mentioned in the previous section, the purpose of this study is to produce future

forecasts of crop water footprint (CWF). According to Tuninetti et al. (2015), the

CWF is defined as the ratio between the water evapotranspired by the crop during

the growing seasons of one year and the crop yield. Therefore, data have been gath-

ered with the aim of calculating this indicator. Subnational datasets at high spatial

resolution of both actual yield observations and future yield simulations have been

employed to design four different Crop Water Footprint Scenarios. CWF estimates

are referred to four time intervals, each spanning over thirty years, in order to re-

move the input data dependency of interannual fluctuations and to be consistent

with crop yield dataset. Specifically, such intervals are 1981-2010, 2011-2040, 2041-

2070, 2071-2100 and are respectively referred to as the present scenario Horizon

2010, and the future scenarios Horizon 2040, Horizon 2070 and Horizon 2100.

Five different Global Gridded Crop Models (GGCM ) have been assessed via a

validation procedure to select the one providing the most reliable future yield rep-

resentation. The models analyzed are: CLM4.5, GEPIC, PEPIC, LPJml - which

belong to the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) repos-

itory (Schellnhuber et al., 2014) - and the Global Agro-Ecological Zoning version

4 (GAEZ v4 ) - developed by the Food and Agriculture Organization (FAO) and

the International Institute for Applied Systems Analysis (IIASA) (FAO and IIASA,

2021). Finally, the choice has fallen on the most recent of these models, GAEZ v4, a

model and a database which provides fundamental information on the current and
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future state of agriculture, on its irrigation demand and production, on develop-

ment opportunities, risks and adaptation options. Global, regional and sub-regional

geospatial data are available for up to 77 different crops (FAO and IIASA, 2021).

Specifically, the actual harvested areas for rainfed and irrigated cultivation, for the

reference year 2010, of the crops under analysis, provided by GAEZ v4, served this

study for the calculation of the CWF.

To compute the total water evapotranspired by the crop over a single growing

season, the model developed by Tuninetti et al. (2015) has been used. This needs ad-

ditional inputs such as crop specific data, soil properties and climatic data (Tuninetti

et al., 2015). Sowing and harvesting dates, which delimit the length of the growing

period (LGP), have been sourced from Portmann et al. (2010) and the daily crop

coefficient (kc,j) has been calculated following Allen et al. (1998) and Mekonnen and

Hoekstra (2011). The soil available water content (AWC ), which has been provided

by FAO/IIASA/ISRIC/ISSCAS/JRC (2012), the root zone depth, obtained from

Siebert and Döll (2010) and the depletion fraction, which values are given by Allen

et al. (1998), contribute to the calculation of the daily water stress coefficient (ks,j).

Finally, fundamental input data for the model to work are Precipitation (P) and ref-

erence Potential Evapotranspiration (ET0), which have been sourced from ISI-MIP

repository (ISIMIP, 2021).

2.1 Inter-Sectoral Impact Model Intercomparison

Project (ISI-MIP)

ISI-MIP is a climate-impacts modelling initiative which aims at advancing compre-

hensive knowledge of the risks of climate change by integrating impacts across sectors

and scales in a multi-impact model framework and by establishing a forum in which

researchers from key impact sectors can bring their knowledge together(Schellnhuber

et al., 2014; Warszawski et al., 2014). The core product of the ISI-MIP is an open

repository where a wide range of climate-impact model simulations from different

sectors and scales, driven by common climate and socio-economic input are pub-

licly available ISIMIP (2021); Schellnhuber et al. (2014). This allows for model
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improvement, integration of impacts across sectors in a multimodel context and a

multimodel assessment of sector-specific impacts at different levels of global warm-

ing (Schellnhuber et al., 2014).

ISI-MIP data sets used in this work belong to the simulation round ISI-MIP2b,

one of the rounds which ISI-MIP is organized into (Frieler et al., 2017). This is

not the latest round, but it is the latest in which such data sets are available. ISI-

MIP2b protocol was developed in response to the IPCC Special Report on the 1.5

°C target. It is designed to allow for separation of historical warming, starting from

pre-industrial conditions, from other drivers impacts. In addition, it allows to quan-

tify the impacts of additional warming to 1.5 °C; global mean temperature change

projections are based on the low emissions Representative Concentration Pathway

RCP2.6 and on the no-mitigation pathway RCP6.0, with socio-economic conditions

fixed at 2005. Simulations include long term impacts up to 2299. Furthermore,

it also allows the assessment of the climate effects based on the same climate sce-

narios, while accounting for simultaneous changes in socio-economic conditions, by

following the middle-of-the-road Shared Socioeconomic Pathway SSP2 Frieler et al.

(2017). However, this last part is not available for the data sets included in this

work.
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(a) (b)

Figure 2.1: Schematic representation of the scenario design for ISIMIP2b. “Other”

includes non-climatic forcing factors such as fertilizer input, irrigation, selection of

crop varieties, water abstraction for human use etc. Panel (a) shows model runs

that separate the pure effect of the historical climate change from other (human)

influences (Group 1). Group 2 consists of model runs to estimate the effect of future

climate change assuming fixed year 2005 levels of population, economic development,

land use (LU ), and management (2005soc). Panel (b) shows Group 3, which consists

of model runs that quantify the effects of LU changes and changes in population,

GDP and management from 2005 onwards, associated with RCP6.0 (no mitigation

scenario under SSP2 ) and RCP2.6 strong mitigation scenario under SSP2 ) (Frieler

et al., 2017)

2.2 Global Gridded Crop Models

Numerical crop models have been developed with the aim to better understand

agricultural production systems and to predict the effects of changes in climate or

management practices by simulating crop yields at the global scale (Müller et al.,

2017). The five GGCM analysed in this work may be subdivided into three types

according to their structure, processes and original purpose (Rosenzweig et al., 2014):

1. Site-based crop models (PEPIC, GEPIC )

2. Agro-Ecosystem models (LPJmL, CLM4.5 ).

3. Agro-Ecological Zone models (GAEZ v4 ).
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Site-based models were developed to simulate processes at the field scale and

are often calibrated via agronomic field experiments. Nevertheless, the models be-

longing to this category, which have been used in this study, have been refined to

run simulations on global grids. On the other hand, Agro-ecosystem models were

primarily developed to simulate soil water balance, surface energy balance and car-

bon and nitrogen dynamics. Finally, the agro-ecological zone methodology used

by GAEZ v4 was developed to assess agricultural resources and potential and was

later included into models for global environmental change (Rosenzweig et al., 2014).

These models differ in their approach, structure and assumptions; the simulated

processes may vary, as well as their parametrization and the management of inputs

and outputs. All of these divergences constitute a major source of uncertainty

and variability in the projected climate impacts. Thus, GGCMs can show different

responses to climate change related effects such as rising temperatures and changes

in water availability (Rosenzweig et al., 2014). All of the GGCMs simulate the

effects of temperature and water on the plant growth, while most of them reproduce

crop processes such as evapotranspiration, leaf area development, light interception

and utilization, yield formation, crop phenology, soil–crop–atmosphere water cycle

dynamics, soil carbon and nitrogen cycling, and the effect of CO2 concentration.

However, only few models simulate the effects of pests and diseases (GAEZ v4 )

or the effects of water-logging on root functioning (Rosenzweig et al., 2014). In

addition, models may differ in the simulation of crop-specific processes and even on

their primary output, specifically whether they calculate actual or potential yields.

2.2.1 CLM4.5

The Community Land Model (CLM4.5 ) is the land component used in the Commu-

nity Earth System Model (CESM ). It is a community-developed model that exam-

ines the physical, chemical, and biological processes by which terrestrial ecosystems

interact with the climate, across a variety of spatial and temporal scales; since,

through their cycling of energy, water, gases and chemical elements, ecosystems are

important determinants of the climate (Oleson et al., 2013). The model consists

of four components - biogeophysics, hydrologic cycle, biogeochemistry and dynamic
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vegetation - and it represents the land surface by five land cover types - vegetated,

urban, lake, wetland, glacier - in each grid cell (Oleson et al., 2013).

2.2.2 GEPIC

The Geographic Information System (GIS)-based Environmental Policy Integrated

Climate crop growth model (GEPIC ) derives from the integration of the Envi-

ronmental Policy Integrated Climate model (EPIC ) with a Geographic Information

System. Such procedure allows to increase the range of applicability of the site-based

crop model EPIC, in order to address the spatial variability of yield as affected by

climate, soil and management factors (Liu et al., 2007). The EPIC model is a bio-

physical model designed to simulate crop processes at a daily step for specific sites

with site-specific inputs. By integrating EPIC with GIS, the GEPIC model can

treat each grid cell as a site and simulate the spatial and temporal dynamics of the

soil-crop-atmosphere-management system (Liu, 2009). The general structure of the

GEPIC model is represented in Fig. 2.2.

Figure 2.2: General framework of the GEPIC model, (Liu, 2009)

.
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2.2.3 PEPIC

PEPIC is a Python-based EPIC grid-based crop growth model. The integration

with a Python framework allows PEPIC to be easily applied at different spatial

scales (Liu et al., 2016). Refer to subsection 2.2.2 for a description of EPIC model.

2.2.4 LPJmL

The Lund-Potsdam-Jena managed Land Dynamic Global Vegetation and Water

Balance Model (LPJmL) is a global Agro-Ecosystem model which aims to address

nonlinear biophysical and biogeochemical features of ongoing large-scale replacement

of natural vegetation by agro-ecosystems, under climate Change and increasing CO2

concentration. LPJml simulates the full global carbon and water cycles and their

transient changes due to land use. In addition, the model aims to assess future

productivity, yield and provision for human societies worldwide, while quantifying

drivers such as land management and land use change, climate and CO2 (Bondeau

et al., 2007).

2.2.5 GAEZ v4

The Global - Agro Ecological Zone crop growth model (GAEZ v4 ) provides the in-

tegrated Agro-Ecological Zones (AEZ ) methodology, which is used to assess natural

resources for identifying suitable agricultural land utilization options, as well as a

comprehensive global database for the characterization of climate, soil and terrain

conditions relevant to agricultural production. AEZ investigates resource limita-

tions and opportunities based on plant eco-physiological characteristics, climatic

and edaphic requirements of crops in order to quantify suitability and production

potentials for individual crop types under specific input and management conditions,

under both rain-fed and irrigation water supply conditions (FAO and IIASA, 2021).

GAEZ v4 estimates such potentials for historical, current and future climatic con-

ditions and presents its results as spatial data at 5 arc-minute resolution grid cells

(about 9 x 9 km at the equator). Climatic conditions are represented by a time series

of historical data (1961-2010) and a selection of future climate simulations which use

the Intergovernmental Panel on Climate Change (IPCC ) AR5 Earth System Model
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(ESM ) four RCPs (FAO and IIASA, 2021). Moreover, GAEZ v4 provides a spatial

representation of current production statistics for year 2010, which serve as base-

line data and comprise current crop areas, yield and production, which represent

the most updated actual dataset to my knowledge. Such spatial representation has

been obtained by downscaling the annual national average of 2009-2011 FAOSTAT

(2021) statistics to individual spatial units (grid cells), coupled with rain-fed and

irrigated cropland areas (FAO and IIASA, 2021).

The main difference with the other models is the output, since GAEZ v4 calcu-

lates the potential crop yield instead of the actual one. Potential yield is a constraint-

free yield which repesents the agronomically possible upper limit of crop production

with regard to temperature and radiation regimes prevailing in each grid-cell (FAO

and IIASA, 2021). However, the model also computes yield reduction factors, specif-

ically: Temperature and Frost hazards, the damages cause by pests, diseases and

weeds on plant growth and on the quality of the product, the climatic factors af-

fecting the efficinecy of farming operations. By combining agro-climatic potential

yields, the reduction factors and the constraints induced by soil limitations and

terrain-slope conditions, GAEZ v4 estimates agro-ecological attainable yields. Fi-

nally, by comparing agro-ecological attainable yield with the actual yield of the

year 2000 and 2010, the model computes the yield constraints and gaps, which con-

stitute important information for identifying causes of food insecurity (FAO and

IIASA, 2021). See figure 2.3 for a schematic representation of GAEZ v4 overall

structure.

An additional aspect of GAEZ v4 model, which is particularly relevant for this

work, consists in the choice of attributing to all future simulation a high level of

input. This represents the assumption of a farming system which is mainly market

oriented, fully mechanized and which applies optimal irrigation with a sprinkler

system, advanced management strategies and optimum applications of nutrients

and chemical pest, disease and weed control; a system where production is based on

high yielding varieties (FAO and IIASA, 2021). Such assumption has a very high

impact on future yields and it is the core of the investigation performed in this work
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about future yield improvement on current cropland.

Figure 2.3: Overall structure of GAEZ v4, (FAO and IIASA, 2021)

.

2.3 Crop Yield Simulations

ISI-MIP impact models CLM4.5, GEPIC, PEPIC, LPJml provide yield simulations,

with a resolution of 30 × 30 arc min, for four different simulation periods: pre-

industrial (1661-1860), historical (1861-2005), future (2006-2099), future (extended)

(2100-2299). They are run with four different Global Climate Models (GCMs) -
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GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5 - and are available as

modelled by different climate scenarios which represent the climate of the simu-

lation period, including the CO2 concentration in the atmosphere. Two are the

scenarios for past simulation periods: a control scenario - picontrol -, which repre-

sents the pre-industrial climate with fixed CO2 concentration at 286ppm, and the

historical scenario, with represents the historical climate as simulated by the GCMs.

Furthermore, RCP2.6 and RCP6.0 are the two available future climate scenarios.

Regarding the models belonging to the ISI-MIP repository, the simulations used in

this work span one-hundred years, from 2000 to 2099, they belong to the historical

scenario for the years from 2000 to 2005 and to the future one from 2006 onwards.

Specifically, both RCPs have been used to reproduce future yields. The simulations

have been obtained by averaging the outputs of all the four different (GCMs) and

by including a sensitivity scenario that considers the effects of increasing CO2 con-

centration in the atmosphere on plant growth - See Table 2.1 for a summary of the

models assessed in this study, with the respective parameters involved.

GAEZ v4 crop model simulations are slightly different. The model provides

attainable yield values averaged over thirty years intervals, namely 1961-1990, 1971-

2000, 1981-2010, 2011-2040, 2041-2070 and 2071-2100, with a resolution of 5 × 5

arcmin. While the past scenarios rely on CRU TS v3.21 (Harris et al., 2014;

CRU, 2021) as climate data source, the simulations of future scenarios are run with

five GCMs - GFDL-ESM2M HadGEM2-ES IPSL-CM5A-LR MIROC-ESM-CHEM

NorESM1-M - and with all four RCPs as climate scenarios. They even include two

sensitivity scenarios, one projecting an increasing CO2 concentration in the atmo-

sphere and its fertilization effect on plant growth, while the second neglecting CO2

fertilization effects. The crop yields used in this work have been sourced in two

slightly different forms. In the case of soy and wheat, GAEZ v4 provides the GCMs

ensemble, while for maize and sorghum, the ensemble has been calculated start-

ing from the outputs of the five GCMs provided by GAEZ v4. For the Historical

assessment, GAEZ v4 uses time series obtained from the Climate Research Unit

(CRU ) at the University of East Anglia, which provide a globally complete (except

the Antarctic) land-only data set for climate variables. The CRU TS v3.21 gridded
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climate data set is constituted by monthly observations at meteorological stations

covering the period from January 1901 to December 2012 (Harris et al., 2014). Sta-

tion anomalies coming from more than 4000 weather stations distributed around the

world, are interpolated into 30 × 30 arc min latitude by longitude grids (i.e., about

55 km at the equator), covering the global land surface (excluding Antarctica), and

combined with an existing climatology to obtain absolute monthly values. The data

set includes six variables: mean temperature, diurnal temperature range, precipita-

tion, wet-day frequency, vapour pressure and cloud cover (Harris et al., 2014).

The simulations run with GAEZ v4 used in this work cover the three future

time intervals and have been modelled by averaging all five different GCMs. To be

consistent, only RCP2.6 and RCP6.0 have been included in the simulations. In

addition, the present scenario has not been simulated, but the actual yield values

for the year 2000 and 2010 have been used instead in the comparison. Later on in

the development of this study, GAEZ v4 has been subject to additional analyses

and validation procedures - refer to section 3.2 for further information and see Table

C.1 in Appendix C for a more detailed description of the models’ parameters.

Figure 2.4: National aggregation of maize yield at 2010, 2040, 2070 and 2100 for

RCP2.6, CO2 scenario.
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Table 2.1: GGCMs simulations used in this study

GGCM
Time

Interval

Climate

Scenario

Climate

Forcing

Sensitivity

Scenario
Crops

CLM45
2000-2005

2006-2099

Historical

RCP2.6

RCP6.0

GFDL-ESM2M

HadGEM2-ES

IPSL-CM5A-LR

MIROC5

CO2 Maize

GEPIC
2000-2005

2006-2099

Historical

RCP2.6

RCP6.0

GFDL-ESM2M

HadGEM2-ES

IPSL-CM5A-LR

MIROC5

CO2 Maize

PEPIC
2000-2005

2006-2099

Historical

RCP2.6

RCP6.0

GFDL-ESM2M

HadGEM2-ES

IPSL-CM5A-LR

MIROC5

CO2 Maize

LPJmL
2000-2005

2006-2099

Historical

RCP2.6

RCP6.0

GFDL-ESM2M

HadGEM2-ES

IPSL-CM5A-LR

MIROC5

CO2 Maize

GAEZ

v4

2011-2040

2041-2070

2071-2100

RCP2.6

RCP6.0

GFDL-ESM2M

HadGEM2-ES

IPSL-CM5A-LR

MIROC-ESM-

CHEM NorESM1-M

CO2-

fertilization,

without-

CO2-

fertilization

Maize

Soy

Sorghum

Wheat
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Figure 2.5: Percentage variation maps of (a) 2100 attainable soy yield relative to

2010 actual soy yield, (b) 2100 attainable soy yield relative to 2040 attainable soy

yield

2.4 Crop Actual Yield

As mentioned in the section above, the crop actual yield data sets used in this work

have been primarily sourced from GAEZ v4, since it provides the most updated ver-

sion of sub-national actual crop yield global grid available in the literature, referring

to years 2000 and 2010. GAEZ v4 actual yield data set has a resolution of 5 × 5

arc min and is available for 31 crops, for both rainfed and irrigated water supply. It

served in the comparison between the five GGCMs and as the yield component in

the Horizon 2010 - CWF baseline scenario. In addition, to validate such data set,

the national aggregation of GAEZ v4 actual yield data over African countries has

been compared with FAOSTAT (2021) estimations of annual yield at the country

scale and with Monfreda et al. (2008) data set of crop actual yield.
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FAOSTAT (2021) database provides annual yields at the country scale from year

1961 to 2019, while Monfreda et al. (2008) data set refers to year 2000 and provides

the observed yields of 175 crops on a 5 × 5 arc min grid. This data set has been

widely used across the literature [e.g. Tuninetti et al. (2015); Siebert and Döll

(2010)] and since Sub-national data sets of crop yields at high spatial resolution are

seldom available, a comparison with the more recent GAEZ v4 dataset has been

performed - See figure 3.12.

Table 2.2: Summary of Crop Actual Yield data sets

Source Coverage
Spatial

Resolution
Crops

Water

Supply

FAOSTAT

(2021)
1961-2019

National

Average

Maize, Sorghum,

Soy, Wheat
Average

GAEZ v4 2000, 2010 5 × 5 arc min
Maize, Sorghum,

Soy, Wheat

Irrigated

Rainfed

Monfreda

et al. 2000
2000 5 × 5 arc min

Maize, Sorghum,

Soy, Wheat

Irrigated

Rainfed
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Figure 2.6: Crop actual yield at 2010 for: (a) Maize, (b) Sorghum, (c) Soy, (d)

Wheat, source: GAEZ v4

2.5 Harvested Areas

As well as for the yield data sets, the harvested areas have been primarily sourced

from GAEZ v4, which provides actual harvested areas, distinguishing between rain-

fed and irrigated water supply; in the former type of production crops are fed only

by precipitation, while in the latter, crops are irrigated when necessary in order to

prevent the emergence of water stress (Tuninetti et al., 2015). The data set has a

resolution of 5 × 5 arc min and it is referred to the years 2000 and 2010; the latter

of which is, to my knowledge, the most updated global grid of harvested areas in

the literature. However, since future projections of harvested areas are not avail-

able across the literature, the 2010 harvested areas data set has been used in the

calculation of all the CWF scenarios, including future ones. In addition, it served

in this study as a mask for the aggregation to national data, such as national yield

and production. A comparison with Portmann et al. (2010) data set can be seen in
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figure 3.15.

Table 2.3: Summary of Harvested Areas data sets

Source Coverage
Spatial

Resolution
Crops

Water

Supply

Portmann

et al. (2010)
2000 5 arc-min

Maize, Sorghum,

Soy, Wheat

Irrigated

Rainfed

GAEZ v4
2000

2010
5 arc-min

Maize, Sorghum,

Soy, Wheat

Irrigated

Rainfed

Figure 2.7: Total harvested areas of: (a) Maize, (b) Sorghum, (c) Soy, (d) Wheat,

source: GAEZ v4

2.6 Climatic Data

The CWF model uses Precipitation (P) and reference Potential Evapotranspira-

tion (ET0) as input data. Both have been sourced from ISI-MIP repository - sim-
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ulation round ISI-MIP2b. Daily precipitation data available on ISI-MIP are at

30×30 arc min resolution and are obtained from four different GCMs - FDL-ESM2M

HadGEM2-ES IPSL-CM5A-LR MIROC5. For the purpose of this study, the output

of the GCMs have been averaged and downscaled to 5 × 5 arc min resolution using

Nearest Neighbour resampling method. Precipitation data have been organized in

four 30-years time intervals - 1981-2005, 2011-2040, 2041-2070, 2071-2100 - and daily

averaged in order to obtain a representative average year per each Horizon. As the

reader can notice, the first interval is not exactly 30 years, because, on ISI-MIP,

the Historical simulation scenario ends at the year 2005, while, at 2006, the Future

simulation scenario starts; therefore, to be consistent, the first time interval used in

the simulation for the present baseline Horizon 2010, have been cut at year 2005. In-

tervals covering future time steps have been simulated for both RCP2.6 and RCP6.0.

Monthly long-term average reference evapotranspiration ET0,m data, which re-

fer to a hypothetical well-watered grass surface with fixed crop height, albedo and

canopy resistance, have been taken from ISI-MIP. They are available at a resolu-

tion of 30 × 30 arc min as the output of PCR-GLOBWB global hydrological model

(Sutanudjaja et al., 2018). This source was chosen since it uses Penman-Monteith

equation, following Allen et al. (1998) approach. Again, all the four GCMs have been

used as climate forcings and, in this study, the respective realizations have been av-

eraged. In addition, the data have been downscaled to the resolution of 5 × 5 arc

min using Nearest Neighbour resampling method. As precipitation data, ET0,m has

been organized in the four 30-years intervals, representing the four CWF Horizons

and monthly averaged in order to obtain a representative year. ET0,j daily values

are then determined through a linear interpolation where the average monthly value

is attributed to the middle day of the respective month, as indicated by Tuninetti

et al. (2015).
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Table 2.4: Summary of Climatic data sets

Variable
Potential

Evapotranspiration
Precipitation

Source ISI-MIP ISI-MIP

Impact Model PCR-GLOBWB -

Simulation Period
1981-2005, 2011-2040,

2041-2070, 2071-2100

1981-2005, 2011-2040,

2041-2070, 2071-2100

Climate Forcing

GFDL-ESM2M

HadGEM2-ES

IPSL-CM5A-LR

MIROC5

GFDL-ESM2M

HadGEM2-ES

IPSL-CM5A-LR

MIROC5

Climate Scenario RCP2.6, RCP6.0 RCP2.6, RCP6.0

Spatial Resolution 30 × 30 arc min 30 × 30 arc min

Temporal Resolution Monthly Daily
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Figure 2.8: Percentage variation maps relative to 2010 of: (a) precipitation at 2100;

(b) reference potential evapotrnapiration at 2100;

2.7 Crop-specific data

In order to represent specific crop types, the CWF model needs crop specific data as

input for the calculations. Among these sowing and harvesting dates are necessary,

since they delimit the length of the growing period (LGP). These have been sourced

from Portmann et al. (2010), which provide the month in which the growing period

starts and ends. The data set has a resolution of 5 × 5 arc min, it distinguishes be-

tween rainfed and irrigated production and includes multicropping practices. The

data set refers to the year 2000.

The daily crop coefficient, (kc,j), is used in the calculation of actual evapotranspi-

ration. It depends on crop characteristics and it is influenced by crop height, albedo,

evaporation from bare soil and canopy resistance (Tuninetti et al., 2015). During

the growing period, kc,j varies with a characteristic curve shape which is divided into
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four growing stages - initial phase, development stage, midseason and late season -

each with its specific length. Tuninetti et al. (2015) defined the functions of these

curves, in which the constant values relative to the stage are taken from Allen et al.

(1998). Moreover, the length of each stage is calculated as a fraction, pst, of the

LGP. This is defined according to Mekonnen and Hoekstra (2011), which provide

specific values for different climatic regions.

The daily water stress coefficient, ks,j, contributes as well to the calculation of

the actual evapotranspiration. Depending on the available soil water content during

the growing period, it assumes a value between 0 (maximum water stress) and 1

(no water stress) Allen et al. (1998). It is evaluated considering both irrigated and

rainfed production; in the first type ks,j is equal to 1 throughout the growing period,

while in rainfed production ks,j is computed daily according to Tuninetti et al. (2015).

In its calculation, the 30 arc sec maps of the available water content (AWC ), provided

by FAO/IIASA/ISRIC/ISSCAS/JRC (2012) are used, together with precipitation

data, the root zone depth, obtained from Siebert and Döll (2010), and the depletion

fraction, which values are given by Allen et al. (1998).
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Methodology

The methodology developed in this work has been proposed to produce and inves-

tigate future scenarios of crop water footprint across the African continent at the

sub-national scale. The CWF model has been analyzed and modified to be run on

high spatial and temporal resolution data, to represent monthly averaged results and

to produce future forecasts of CWF. Thus, a present baseline CWF scenario and

three future ones, until the end of the century, have been designed. The compari-

son of these scenarios allows to assess the impacts of climate change on the African

agriculture. Since future crop yield simulation are needed to produce these CWF

scenarios, it was necessary to select one GGCM among those presented in section

2.2. Therefore, a thorough model validation has been performed, which has led to

the selection of GAEZ v4 model as the source of the yield data sets. By including

such yield forecasts, which simulate the effects of a high input, advanced manage-

ment agriculture, the study aims to investigate the potential production increment

and the respective stress imposed on the water resources. This process required an

extensive analysis of GAEZ v4 crop model and its validation with other data sets by

means of graphs and scatter plots. Moreover, a deep understanding of the Tuninetti

et al. (2015) model was necessary before including new variables and future forecasts

data - which have been validated as well - and in order to modify the model itself,

to adapt it to future CWF scenarios.
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3.1 Global gridded crop model Validation

In order to select the most suitable model for the purpose of this study, a validation

procedure has been performed. It consists of multiple steps. At first, only the crop

models belonging to the ISI-MIP repository (simulation round ISIMIP2b (Frieler

et al., 2017)) - CLM4.5, GEPIC, PEPIC, LPJml - were included, since GAEZ v4

was not yet accessible (website online since June 17, 2021). ISI-MIP crop models

provide future yield simulations run with four GCMs - GFDL-ESM2M, HadGEM2-

ES, IPSL-CM5A-LR, MIROC5 - over the period 2000-2099, for both RCP2.6 and

RCP6.0. Maize has been chosen as the representative crop, since its yield values

were available for all of the models. The validation has been performed across two

countries, Italy and Ethiopia, to evaluate how the models would represent the future

yield changes in a European country, with modern agricultural management, and

in a country belonging to the continent of interest. After having assessed both

the spatial and the temporal variability of these models and their ensemble, an

additional step, which included GAEZ v4 model, has been added to the procedure.

3.1.1 Models Ensemble spatial variability

The harvested areas-weighted yield, Ya, has been computed for each grid cell be-

longing to the respective country - Italy and Ethiopia - by performing a weighted

average between the actual (for the baseline scenario) or attainable (in the case of

future scenarios) irrigated, Y I
a and the rainfed, Y R

a production yields:

Ya = Y R
a × AR + Y I

a × AI

AR + AI

3
ton

ha

4
(3.1)

where AR and AI are, respectively, the rainfed and irrigated harvested areas, here

used as weights, sourced from GAEZ v4, as described in section 2.5.

The calculation was performed for every GGCM, each of which was available in

the ISI-MIP repository with four GCMs, for a total of 16 different yield realizations.

By averaging such data sets the model ensemble has been computed. Finally, the

harvested areas-weighted yield values and the standard deviation across the realiza-

tions have been represented on the respective country map for two reference years,
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2000 and 2099, and distinguishing between irrigated and rainfed water supply - see

image 3.1 below (images showing year 2000 and rainfed conditions can be found in

appendix A).
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(a)

(c)

(b)

(d)

Figure 3.1: Spatial variability of irrigated Maize (a) average yield, (b) standard

deviation across Ethiopia and (c) average yield, (d) standard deviation across Italy

for the year 2099, RCP6.0

3.1.2 Temporal variability & Model comparison

After assessing the spatial variability of the data sets, the yield values have been

nationally aggregated and yearly values have been computed from 2000 to 2099.

The procedure has been performed for every model individually, as well as for their

ensemble, as a mean of comparison. In addition, to validate the data series, FAO-

STAT (2021) actual data, ranging from 2000 to 2019 (the last available year), has

been added to the comparison. Again, the comparison has been performed for both

countries and for both RCPs. Below, the comparison plot can be seen in figure 3.2

and 3.3
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Figure 3.2: Individual models, ensemble and FAOSTAT (2021) yearly national maize

yield data comparison for (a) Ethiopia and (b) Italy, RCP2.6
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Figure 3.3: Individual models, ensemble and FAOSTAT (2021) yearly national maize

yield data comparison for (a) Ethiopia and (b) Italy, RCP6.0

While in the case of Italy PEPIC and LPJmL models fit well the early 2000’s FAO-

STAT (2021) data series, as can be seen in panel (b) of both figure 3.2 and 3.3, the

same does not occur for Ethiopia. No model fit the steep increment in yield shown

by FAOSTAT (2021) series. As can be observed in chapter 4, all Africa shows an

increment in maize yield, mainly due to a consistent expansion of harvested areas.

Moreover, the four crop models are quite discordant with each other.
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To facilitate the visualization of the models’ performances, each of them has

been individually plotted with the ensemble and FAOSTAT (2021) data.
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Figure 3.4: (a)CLM4.5, (b)GEPIC, (c)LPJmL and (d) PEPIC, ensemble and FAO-

STAT (2021) yearly national maize yield series, Ethiopia, RCP2.6
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Figure 3.5: (a)CLM4.5, (b)GEPIC, (c)LPJmL and (d) PEPIC, ensemble and FAO-

STAT (2021) yearly national maize yield series, Italy RCP2.6

Figure 3.5 and the following figure 3.7 confirm LPJmL and PEPIC as the best
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models in the case of Italy, even though they diverge more from the ensemble than

GEPIC model. Regarding Ethiopia, no model fits the trend shown by FAOSTAT

(2021) actual yield, however, somehow the models ensemble is in line with 2017/2018

national yield values - figures 3.4 and 3.6.
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Figure 3.6: (a)CLM4.5, (b)GEPIC, (c)LPJmL and (d) PEPIC, ensemble and FAO-

STAT (2021) yearly national maize yield series, Ethiopia RCP6.0
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Figure 3.7: (a)CLM4.5, (b)GEPIC, (c)LPJmL and (d) PEPIC, ensemble and FAO-

STAT (2021) yearly national maize yield series, Italy RCP6.0

For both countries, the simulations following RCP6.0 show a more accentuated

decreasing trend towards 2100 than simulations following RCP2.6, see figures 3.6

and 3.7 compared to figures 3.4 and 3.5

3.1.3 Country specific procedure

After visualizing the results of the previous steps, it has been decided to slightly

modify the procedure and make it specific to the respective country, in order to

find the models ensemble which could better fit FAOSTAT (2021) data. Regarding

Italy, only LPJmL and PEPIC have been used to compute the ensemble. While

in the case of Ethiopia all the four models have been used to calculate the final

ensemble. In figure 3.8 the country specific ensemble can be seen as plotted together

with its rainfed and irrigated components and FAOSTAT (2021) data. Rainfed

and Irrigated ensemble components have been obtained by considering only the

agricultural production obtained with the respective water supply practice. Both

RCP2.6 and RCP6.0 simulations are present in the figure below.
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Figure 3.8: Country specific analysis. Representation of Ensemble, irrigated and

rainfed ensemble and FAOSTAT (2021) data of yearly national maize yield for: (a)

Ethiopia, RCP2.6 ; (b) Ethiopia, RCP6.0 ; (c) Italy, RCP2.6 ; (d) Italy, RCP6.0

Still, the results were unsatisfactory regarding the representation of Ethiopia na-

tional yield

3.1.4 Inclusion of GAEZ v4 in the validation

When GAEZ v4 database became accessible, it was decided to investigate it as

well, by including it into the validation procedure. Therefore, an additional step

has been added in the validation procedure, which has resulted in the figures 3.9

and 3.10. These figures show the country specific ensemble, as obtained from the

previous steps, and FAOSTAT (2021) data plotted together with GAEZ v4 maize

yield data. Regarding the latter, for the years 2000 and 2010, the national actual

maize yield has been plotted as provided by GAEZ v4, while, for future years, the

national attainable maize yield has been used, which has been obtained by averaging

over five GCMs provided by the database, as described in table 2.1. The same has

been done for sorghum, while in the case of soy and wheat the ensemble was directly

provided by the crop model. GAEZ v4 provides future yields averaged over 30 years

intervals - 2011-2040, 2041-2070, 2071-2100 - therefore the values provided have been
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plotted and kept constant over the respective interval. Again, this has been done

for both Italy and Ethiopia and for both RCP2.6 and RCP6.0. Three GAEZ v4

data series can be seen which correspond, respectively, to irrigated production yield

(blue), rainfed production yield (green) and harvested areas-weighted average yield

(red).
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Figure 3.9: Comparison among Ethiopia yearly national yield as obtained from

FAOSTAT (2021), Model Ensemble and GAEZ v4. (a) RCP2.6 ; (b) RCP6.0
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Figure 3.10: Comparison among Italy yearly national yield as obtained from FAO-

STAT (2021), Model Ensemble and GAEZ v4. (a) RCP2.6 ; (b) RCP6.0

This time, as can be seen in figure 3.9, the GAEZ v4 actual yield resembles

closely FAOSTAT (2021) data series for Ethiopia, while average future attainable
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yield shows values which seems in line with the last FAOSTAT Ethiopia national

yield values referring to 2018/2019; even though GAEZ v4 assumes advanced man-

agement strategies and high input levels for future scenarios. Although this is mostly

evident in the irrigated production yield series values, the fact that the rainfed pro-

duction yield and the weighted average yield are nearly overlapping shows a strong

prevalence, among the harvested areas, of rainfed agriculture. In addition, GAEZ v4

provides 30 years-average attainable crop yield, which remove the simulated inter-

annual fluctuations, which are evident in ISI-MIP models (additional information

about GAEZ v4 simulations can be found in section 2.3).

This last step of the validation procedure has brought to the selection of GAEZ v4

as the crop GGCM of choice for the provision of crop yield data sets and simulations.

3.2 GAEZ v4 extensive analysis & validation

Once GAEZ v4 had been selected as the model of choice, it was still necessary

to investigate its parameters and the data sets it provides - specifically, this study

has made a wide use of actual and attainable crop yields data sets and of actual

harvested areas (irrigated, rainfed and total) at the year 2010. Therefore, national

average yield scatter plots have been generated to evaluate the model performance

on national yield aggregation over African countries. These have been produced for

all the four crops included in this study - maize, sorghum, soy, wheat - and they

have been used to compare the different data sets of the same crop, such as those

including RCP2.6 and RCP6.0, or those assuming the fertilization effect of CO2

with those that do not. Futhermore, they have been used to validate GAEZ v4 data

sets by comparing them with FAOSTAT (2021) yield and areas national statistics

or with other data sets that are widely used in the literature - namely Monfreda

et al. (2008) gridded crop actual yield - see figure 3.12, panel (b) - and Portmann

et al. (2010) gridded harvested areas.

Every dot on the scatter plots identifies one African country and the three lines

are the bisectors (1x, 2x and 3x). They have been produced for all the crops included
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in this work and for each scenario available: RCP2.6, RCP6.0, CO2 fertilization and

no CO2 fertilization. Figure 3.11 below shows GAEZ v4 attainable crop yield scenar-

ios validation with FAOSTAT (2021) 2019 actual national average yield statistics.

0 1 2 3 4 5 6 7 8 9 10

Sorghum yield [ton/ha] (source: GAEZ, scenario: 2040, RCP2.6, CO2)

0

1

2

3

4

5

6

7

8

9

10

S
o
rg

h
u
m

 y
ie

ld
 [
to

n
/h

a
] 
(s

o
u
rc

e
: 
F

A
O

S
T

A
T

, 
2
0
1
9

National avg Yield

(a)

0 5 10 15

Maize yield [ton/ha] (source: GAEZ, scenario: 2040, RCP2.6, CO2)

0

5

10

15

M
a
iz

e
 y

ie
ld

 [
to

n
/h

a
] 
(s

o
u
rc

e
: 
F

A
O

S
T

A
T

, 
2
0
1
9

National avg Yield

(b)

Figure 3.11: GAEZ v4 validation with FAOSTAT (2021) national yield values - (a)

Sorghum; (b) Maize.

It can be seen that, except for countries with a null yield value, GAEZ v4 aggregated

national attainable yield at 2040 is higher than FAOSTAT (2021) values for all

African countries, for both Maize and Sorghum crops. Furthermore, most countries

show a national attainable yield at 2040 which is more than three times bigger than

FAOSTAT (2021) national statistics. This is mainly due to the assumption of high

input, advanced agricultural management GAEZ v4 applies to future attainable

yields. This is confirmed by the validation of GAEZ v4 national actual yield at

2010 with FAOSTAT (2021) national yield values at 2010, which can be seen in

figure 3.12, panel (a). GAEZ v4 actual yield is not subject to such assumption.

Indeed, national yield values are closer to the 1x bisector. Only GAEZ v4 national

actual yield values of Eswatini and Angola are, respectivly, two and three times

bigger than the corresponding FAOSTAT (2021) values.
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Figure 3.12: GAEZ v4 2010 wheat actual yield validation with: (a) FAOSTAT

national yield values at 2010; (b) Monfreda et al. (2008) yield data set at 2000

The effects of CO2 fertilization or of the RCPs are definitely less evident than

those of high input assumption. As it can be seen in figure 3.13, the effect of CO2

fertilization sensitivity scenario is minimal with respect to the scenario which does

not include CO2 effects. National yields barely diverge from the 1x bisector; however,

a small trend towards the axis representing the scenario which include CO2 effect

can be noticed. This suggests a low influence of carbon dioxide on Sorghum crops in

Africa. This partly explains the panel (b) of figure 3.13, where the effects of RCP2.6

and RCP6.0 on Sorghum yield at 2040 are compared. Since RCPs represent future

scenarios of green house gas (GHG) emissions and atmospheric concentrations, air

pollutant emissions and land use (IPCC, 2014), the small influence of [Co2] on crops

can justify the small differences between RCP2.6 and RCP6.0 on Sorghum yield.
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Figure 3.13: GAEZ v4 2040 sorghum yield scenario comparison: (a) with and with-

out CO2 fertilization; (b) RCP2.6 and RCP6.0

The assumption of advanced management agriculture produces very high crop

yield compared to actual ones, as mentioned above; thus, the effects of climate

change between future scenarios and the present baseline one are hidden and difficult

to assess. However, when comparing two future scenarios, the assumption is valid

for both, therefore, other influences on crop yields become more visible, as can

be noticed from figure 3.14. Panel (a) shows the comparison between GAEZ v4

national soy yields at 2100 with national soy actual yields at 2010 and, as well as

for figure 3.11, for all countries, future yields are around three times higher than

present ones. However, in panel (b) The assumption is valid in both, therefore the

slight yield increment in 2100 compared to 2040 can be attributed to the changes in

climatic conditions and atmospheric CO2 concentration.
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Figure 3.14: GAEZ v4 future attainable soy yield at 2100 compared with: (a) actual

soy yield at 2010; (b) attainable soy yield at 2040

GAEZ v4 national harvested areas at 2010 have been validated with both FAO-

STAT (2021) national harvested areas statistics and with Portmann et al. (2010)

harvested areas at 2000. In both cases - respectively panel (a) and (b) in figure

3.15 - the strongest divergence from the 1x bisectors can be noticed for countries

with around 1000 ha of harvested areas or less. This agreement between the two

validation suggests a possible underestimation by GAEZ v4 model.
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Figure 3.15: GAEZ v4 2010 wheat harvested areas validation with: (a) FAOSTAT

national harvested areas values at 2010; (b) Portmann et al. (2010) harvested areas

data set at 2000

3.3 Crop Water Footprint Model

Once the validity of GAEZ v4 crop model had been confirmed, the harvested ar-

eas and the yield data sets have been given as inputs to Tuninetti et al. (2015)

CWF model. The model evaluates the virtual water content of crops at the spatial

resolution of 5 × 5 arcmin, which corresponds to 9 Km by 9 Km pixels at the equa-

tor (Tuninetti et al., 2015). Both rainfed and irrigated production conditions are

considered. The CWF estimates refers to thirty years time intervals - 1981-2010,

2011-2040, 2041-2070, 2071-2100 - as previously mentioned, to get rid of the inter-

annual fluctuations by averaging over the intervals. This explains why the results

are organized in four Horizons - 2010, 2040, 2070, 2100. The present interval, rep-

resented by the year 2010, is the reference period or baseline scenario with which to

compare the future ones.

The crop CWF is defined in each cell as the ratio between the water evapotran-

spired by the crop during the growing seasons of a year y, ETa,y (mm), and the crop

actual yield, Ya (ton ha−1), or attainable yield, in the case of fututre scenarios, as:
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WF = 10 × ETa,y

Ya

A
m3

ton

B
(3.2)

where the factor 10 converts the evapotranspired water height expressed in mm into

a water volume per land surface expressed in m3 ha−1 (Tuninetti et al., 2015). It

must be noted that only the first growing season of the year has been considered in

this work. Additionally, the total water evapotranspired by the crop can be written

as the sum of a green and a blue component (Tuninetti et al., 2015):

ETa,y = ETg,y + ETb,y (3.3)

3.3.1 Evaluation of Crop Water Footprint over a single grow-

ing season

Monthly long-term average reference evapotranspiration data, ET0,m at 30 × 30 arc

min resolution are converted to 5 × 5 arc min data grids, as explained is section 2.6.

Then, daily ET0,j values are determined through a linear interpolation of monthly

climatic data in which the monthly ET0,m value is attributed to the middle of the

month Tuninetti et al. (2015). For sake of simplicity, months are considered to be 30

days long. Even though these conversions introduce uncertainties in the calculations,

they are necessary because of the lack 5 × 5 arc min resolution daily evapotranspi-

ration data (Tuninetti et al., 2015).

Daily crop evapotranspiration, ETa,j, is then calculated following Allen et al.

(1998) approach for the virtual water content assessment [Mekonnen and Hoekstra

(2011); Siebert and Döll (2010); Tuninetti et al. (2015)]. According to such approach,

ETa,j is defined as:

ETa,j = kc,j × ET0,j × ks,j

3
mm

d

4
(3.4)

where kc,j is the daily crop coefficient, ET0,j is the daily reference evapotranspira-

tion (mm d−1) and ks,j is the daily water stress coefficient (Tuninetti et al., 2015),

as explained in section 2.6.

The total water evapotranspired by the crop over a single growing season, ETa,lgp

(mm), is obtained by summing up the daily actual evapotranspiration, ETa,j, over
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the length of the growing period (LGP) (Tuninetti et al., 2015) :

ETa,lgp =
LGPØ
j=1

ETa,j (mm) (3.5)

ETa,j, which is the sum of green and blue actual evapotranspiration, differs between

rainfed and irrigated production, since the growing period can have different plant-

ing dates between the two. In the case of rainfed crops, the green component, ET R
g,j,

is equal to the total evapotranspiration, ET R
a,j, while the blue component ET R

b,j is

equal to zero. However, for irrigated crops, the blue component, ET I
b,j, equals the

amount of irrigation water provided to the crop, while the green component is the

difference between ET I
a,j and ET I

b,j values (Tuninetti et al., 2015). The total green

and blue evapotranspiration, are the sum of daily values over the growing period,

for both rainfed (ET R
g,LGP ) and irrigated conditions (ET I

g,LGP and ET I
b,LGP ).

Following Tuninetti et al. (2015), in order to compute the overall green and blue

evapotranspiration over the growing period per each cell,ETg,LGP and ETb,LGP , the

weighted average of the rainfed and irrigated component is performed:

ETg,LGP =
ET R

g,LGP × AR + ET I
g,LGP × AI

AR + AI
(3.6)

ETb,LGP =
ET I

b,LGP × AI

AR + AI
(3.7)

where AR and AI are the harvested areas, here used as weights, sourced from GAEZ

v4, as described in section 2.5.

Finally, ETg,LGP and ETb,LGP are inserted in equation 3.2, and the blue and

the green components, respectively, of the crop CWF are determined in each grid

cell. The total water footprint of the cell is the sum of the green and blue CWF

(Tuninetti et al., 2015). Results have a yearly temporal resolution.

3.3.2 Validation of input climatic variables

This study represents the first application of Tuninetti et al. (2015) CWF model to

future time intervals. The climatic variables ET0 and P, presented in the section
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2.6, have been included as model inputs in order to produce such future scenarios;

although, they had to be validated before. This has been performed by comparing

the new data sets with those used in Tuninetti et al. (2015) for previous simulation.

In their work, the monthly average reference evapotranspiration was sourced from

FAO (2014), while monthly precipitation was given by New et al. (2002). National

aggregation of monthly average precipitation and reference evapotranspiration have

been compared by means of scatter plot where every dot identifies one African

country and the three lines are the bisectors (0.5x, 1x and 2x). In figure 3.16,

panel (a) the comparison between potential evapotranspiration data sets by ISIMIP

(2021) and FAO (2014) can be seen. The latter data set produces higher values

for most countries, however the values never double ISI-MIP results. In panel (b),

precipitation data sets by ISIMIP (2021) and New et al. (2002) are compared. In this

case the values align well along the 1x bisector, except for Gabon, which precipitation

value by ISIMIP (2021) is nearly the double of that by New et al. (2002). In addition,

the Democratic Republic of Congo shows a value of precipitation which is way higher

than those of all the other countries, however, the two data sets are consistent on

such result.
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Figure 3.16: Climatic variables validation scatter plots. Panel (a): potential evap-

otranspiration from ISIMIP (2021) against FAO (2014). Panel (b): validation of

ISIMIP (2021) precipitatin with New et al. (2002) dataset.
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The precipitation data set daily resolution represents a step forward in the model

precision, since it is the first time daily data are provided directly as input and not

obtained by interpolation of coarser data sets, as it still occurs for the ET0. To

include such data set, the model algorithm have been modified accordingly, as it is

explained in the following section.

3.3.3 Model Modifications

In addition to the climatic variables, to which the model has been adapted to, other

data sets, such as GAEZ v4 harvested areas and crop yields, have been included

in the model as new input, specific to this work. Still, a thorough investigation of

the algorithm workings was necessary before bringing further changes. Therefore, a

short change in the algorithm has been compiled for the CWF model to compute

and plot the daily evolution of output variables in single grid cells along the growing

period, as a way to visualize the model functioning. Figures 3.17 and 3.18 show the

daily evolution of the model outputs for the sorghum crop in one grid cell belonging

to Egypt territory. It can be notice how the evolution of the climatic variables, P

and ET0, and the change in the crop coefficients drive the plant growth, its water

consumption and irrigation requirements.
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Figure 3.17: Daily evapotranspiration (a) and precipitation (b) over the growing

period of Sorghum in one grid cell of Egypt. Horizon 2070, RCP2.6, CO2
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Figure 3.18: Daily evolution of crop coefficient, water content coefficient (a) and

irrigation (b) over the growing period of Sorghum in one grid cell of Egypt. Horizon

2070, RCP2.6, CO2

Once the results have been deemed satisfying, as well as the comprehension of the

model, another, more significant, modification has been performed. The daily values

over the LGP have been ordered along the year, so to correctly position the growing

season. Then, monthly values have been aggregated to show the monthly evolution

of the outputs along the representative year of each scenario compiled. While the

daily scale was only available for single cells’ outputs, because of computational

costs, the monthly scale allows the model to cover the whole globe, by working

on the whole matrix extension (5 × 5 arc min resolution, 2160 × 4320 grid cells).

Each output variable, for every representative Horizon, is stored in 12 maps, one

per each month, with a resolution of 5 × 5 arcmin. Below, figures 3.19 and 3.20

show the monthly evolution of climatic variables and irrigation requirement of the

same crop and in the same grid cell as before. The shapes are consistent in the two

representations, but here the position if the growing period is identifiable along the

year and the values are monthly aggregated.
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Figure 3.19: Monthly evolution of (a) actual evapotranspiration, (b) green evapo-

transpiration and (c) blue evapotranspiration over the year for Sorghum crop in one

grid cell of Egypt. Horizon 2070, RCP2.6, CO2
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Figure 3.20: Monthly evolution of (a) total precipitation, (b) effective precipitation

and (c) irrigation over the year for Sorghum crop in one grid cell of Egypt. Horizon

2070, RCP2.6, CO2

The outputs compiled by the CWF model are:

• Crop actual evapotranspiration for rainfed and irrigated production, ET R
a,j and

ET I
a,j;

• Crop actual green and blue evapotranspiration for irrigated production, ET I
b,j

and ET I
g,j, which are the components of ET I

a,j;

• The total precipitation along the growing period for irrigated and rainfed pro-

duction;
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• The effective precipitation along the growing period for irrigated and rainfed

production, which means only the component of the precipitation which is

used by the plants and it is not lost as runoff;

• The water used for irrigation, which corresponds to ET I
b,j in the irrigated

production;

• The green, the blue and the total crop CWF, but also the rainfed and irrigated

production CWF ;

The rainfed and irrigated production CWF represent the last modification in-

troduced in the model. While the blue and the green CWF distinguish between

the contributes of precipitation and irrigation water on the two types of production

together - as can be understood from equation 3.6 and 3.7 -, the rainfed and irri-

gated CWF distinguish between the two production types. Specifically, the rainfed

CWF only includes green evapotranspiration over the growing period of the rain-

fed production and the respective crop yield. While the irrigated CWF includes

both contributes of blue and green evapotranspiration over the growing period of

irrigated production, with the crop yield associated to this type of production. The

computation of irrigated and rainfed CWF is the following:

WFrf =
10 × ET R

g,LGP

Yrf

A
m3

ton

B
(3.8)

WFirr =
10 × (ET I

b,LGP + ET I
g,LGP )

Yirr

A
m3

ton

B
(3.9)

Where Yrf and Yirr are, respectively, the rainfed and irrigated components of the

actual or attainable yield, depending on the scenario of interest.

Finally, the model has been calibrated to work on the African continent, in

agreement with the purpose of this work, and both unitary water footprint uWF

and total water volume maps have been produced for four crops - maize, wheat,

sorghum, soy - and for four Horizons - 2010, 2040, 2070, 2100 -, following both

RCP2.6 and RCP6.0 and including both sensitivity scenario with and without CO2

fertilization. Below the total maize uWF map of Africa can be seen. The maize
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harvested areas filter the cells where the CWF is computed and the colors indicate

its magnitude. The darker the colour, the higher the amount of water m3 used for

one ton of maize. Here, the representative year is 2070 and the RCP is 6.0, CO2

fertilization effect is included.

3.4 Scenarios comparison

Once all the CWF maps have been produced for all the scenarios, they have been

compared by means of percentage variation maps and national scale scatter plots.

Specifically, all the future scenarios have been compared with the baseline scenario,

in order to assess the impact of advanced agricultural management on future yields

and water consumption. Moreover, future scenarios have been compared among

themselves to evaluate the effects of climate change along the years, when Harvested

areas and agricultural practices assumptions are fixed. The steep yield increment

inducedd by high input advanced agricultural management produces an increase in

agricultural production over the same extension of harvested areas. This translates

in a increment of water use, to support such production, up to three times, in the

case of 3.21, panel (b). However, the water use efficiency improves, which can be

seen from the decrease in the uWF in panel (a). The most impressive results is the

nearly 92% reduction of maize uWF in Capo Verde from 2010 to 2100.
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Figure 3.21: Comparison of (a) uWF and (b) CWF between 2010 and 2100 for

maize, scenario RCP2.6, CO2 fertilization.

The same comparison is presented in percentage difference map form in figure ??.

Here, the percentage change between 2100 and 2010 can be appreciated cell by cell

by multiple colour intervals. The prevalence of red cells identifies the only four

countries where water use efficiency got worse from 2010 to 2100 - Comoros, Egypt,

Namibia and South Africa.
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Figure 3.22: Percentage difference map of (a) Maize uWF at 2100 (RCP2.6 ) and

(b) wheat CWF at 2100 (RCP2.6 ), relative to 2010
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Results

The work described in this thesis allowed to simulate and represent future scenar-

ios of CWF over the African continent, in order to investigate such indicator in

its different forms to finally draw insights about the possible future evolution of

African agriculture. The main directions of this investigation are two: on one hand,

the concerning impacts of climate change on the agricultural sector and, on the

other hand, the opportunities and the drawbacks of an advancement in the African

agricultural management, in terms of technologies and inputs employed, over the

current cropland extension. The results are presented in a way that highlights the

directions of the investigation, but, at the same time, the discussion develop along

different levels of meaning, in an effort to disentagle the density of significance that

the CWF indicator encompasses.

Firstly, the continental-level aggregation of the results is presented; this allows

the reader to grasp the magnitude of the variables in question and its temporal

evolution along the future scenarios. In addition, it permits the immediate compar-

ison with the baseline scenario and with historical values belonging to the period

1961-2019, which have been plotted together with the results. The variables rep-

resented in this section are: aggregated crop yields and harvested areas, unitary

water footprint and crop water footprint. The following two sections are dedicated

to the uWF and, specifically, to its irrigated and rainfed components. The baseline

2010 scenario is presented in absolute values, while Horizons 2040 and 2100 are

shown as percentage variation maps relative to 2010. In the case of end-of-century
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scenario, both RCP2.6 and RCP6.0 are displayed. Such representation has been

performed for Maize and Sorghum crops, since they show the highest levels of CWF

and the most extended harvested areas among the crops under analysis. Sections

4.4 and 4.5 are dedicated to the green and blue component of the crop-aggregated

WF. The spatial distribution of these variables across the continent is represented

through detailed maps for the baseline scenario, where their magnitude is indicated

by colour coding. In addition, enlargement of the three countries showing the high-

est CWF values of the continent are shown. In section 4.5 future scenarios of blue

WF are compared with the baseline scenario for each of these three countries. This

connects the discussion to the last section where the evidence of climate change in

the previosly represented results is highlighted.

4.1 Continent-level aggregated water footprint

Tuninetti et al. (2015) model computes the results in the form of 5×5 arc min grids

which cover the entire African continent. In order to highlight the general trend

of the evolution of each crop along the four Horizons, the results have been aggre-

gated at the continental level. Crop yield and Harvested areas are not outcomes of

the model, however, they support the analysis of the results. Figure 4.1 shows the

evolution of, respectively, maize, sorghum, soy and wheat yields from 1961 to 2019

- as reported by FAOSTAT (2021) - and along the four Horizons developed in this

study. Both RCPs’ trends are shown, even though they become distinguishable gen-

erally after 2040. The most surprising feature is the increment shown by all crops’

yields from 2010 to 2040. As mentioned before, this is explained by the assumption

of advanced management applied by GAEZ v4 on the future scenarios. Such hy-

pothesis produces an increment in yield of 244.6%, between 2010 and 2040, in the

case of maize, which shows the widest absolute gap. Nevertheless, such increasing

trend is not constant along the future scenarios, since they all share the same as-

sumption; therefore, other influences on yields become more visible, such as the effet

of CO2 concentration, which produces the gap between RCP2.6 and RCP6.0 trends.

It is worth to notice the coherence between the historical series at 2010 and the
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baseline 2010 scenario, since 2010 is the only scenario in which actual yield values

have been used, instead of attainable ones, and they represent the most recent actual

yield data set in the literature. In addition, 2010 is the year to which the harvested

areas used throughout all future scenarios are referred to.
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Figure 4.1: Evolution of average African yield of four crops across the future sce-

narios. Both RCPs are shown, as well as FAOSTAT (2021) historical yield statistics

from 1961 to 2019.

While the steep increment in sorghum, soy and maize yields seems the artificial

effect of an hypothetical assumption, hardly achievable in such a short time interval,

wheat yield shows a unique trend. Between 2010 and 2040 the yield trend obtained

from the interpolation of Horizons 2010 and 2040 is coherent with the trend that
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can be identified in the FAOSTAT (2021) data serie. No matter the hypothesis of

high input, advanced management agriculture, maize yield trend is coherent between

actual data and simulated attainable values. This means that the actual yield is

close to its attainable value - namely its potential limit, taking into account the

reduction factors of temperature and frost hazards, pests, diseases and weeds, soil

limitations, terrain slope conditions and cimatic factors - and the assumption of

advanced mangement seems not to further improve yield growth beyond its current

trend. This could mean that wheat is, generally, on track to reach its upper yield

limit and to the closure of its yield-gap, which seems achievable by 2040. A narrower

gap with respect to the other crops, where it seems still very wide. This is reflected in

figure 4.2, whuch shows the yield achievement ratios (YAR) of the four crops. YAR is

estimated by dividing downscaled actual yields with agro-ecological attainable yield

simulated under high input/advanced management assumptions. YAR is closely

related to yield gap, as both variables together sum up to 100 percent.

Figure 4.2: Yield achievement ratio of: (a) maize; (b) sorghum; (c) soy; (d) wheat.

Given the tighter yield gap and the milder effect of the high input assumption,
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future climatic impacts on wheat yield are more evident in figure 4.1. Wheat is the

crop which shows the wider discrepancy between the two RCPs and the more ac-

centuated yield reduction - specifically, between 2040 and 2100, RCP6.0 it records a

12.1% reduction. The evolution of yields affects and is reflected by the uWF trends.

Especially, in their general decrease, identifiable both in historical data, provided by

Tamea et al. (2021), and in future scenarios. A decrease in uWF means that a higher

efficiency in water use is gained. This is mainly due to the yield increment that al-

lows a higher production on the same cropland area. Nevertheless, by zooming in on

the future Horizons in figure 4.3, it can be noticed that the uWF increases again for

all crops according to RCP6.0, while soy and wheat show a further decline between

2070 and 2100 according to RCP2.6. Wheat is, again, the crop which shows the

broadest gap between the 2 RCPs, with RCP2.6 decreasing by 2.7% between 2070

and 2100, while RCP6.0 shows a 11.6% in the same interval, the steepest among the

four crops. This reflects the trend of wheat yield between 2070 and 2100. Such a co-

herent future increase among the four crops is definitely linked with the corrsponding

trends observed in the yields and could be attributed to an effect of climate change.

As discussed above, in low-latitudes regions, even moderate temperature increases

will negatively impact crop yields, due to the current proximity of such regions to

crop-limiting temperature tresholds for suitable production (Jägermeyr et al., 2021;

Rosenzweig et al., 2014). Furthermore, temperature increases can lead to growing

periods shortening and greater evaporative demand, while CO2 fertilization effect

cannot compensate for such impacts (Rosenzweig et al., 2014).
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Figure 4.3: Evolution of uWF averaged over whole Africa across future scenarios.

Both RCPs are shown.

Even though the water use efficiency improves, to a higher production corresponds

a higher water requirement, as it is shown in figure 4.4. Therefore, wheat excluded,

the volumetric WF shows a future growing trend for maize, sorghum and soy, even if

less accentuated for the latter. Growing trends are present even in historical values,

even though they show low coherence with the future scenarios. Maize shows a

much steeper increase, starting around 2000 until 2019, then what is projected by

its future scenarios. Maize and sorghum also show values at 2010 which are much

higher than those obtained in the baseline scenario. As discussed below, this could

be due to the difference in the ET0 data sets used in this study and in the historical

series and to the fact of considering only the first growing season of the year. On
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the other hand, wheat and soy CWF values at 2010 are in agreement between the

two data series. Nevertheless, even for these two crops, the trend observed in the

historical data between 2010 and 2019 is not represented by the simulated future

values.
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Figure 4.4: Evolution of WF averaged over whole Africa across future scenarios.

Both RCPs are shown.

After 2040, RCP6.0 of every crop shows a positive trend, even though less steep than

that between 2010 and 2040. But in this case, the trend could be attributed to a

future temperature increase, which would enhance the evaporative demand and the

crop water requirements, but also to a positive effect of a higher CO2 concentration

in the atmosphere on yields. If the increasing trend is evident for the RCP6.0, it is
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not the same for RCP2.6. Indeed, between 2070 and 2100, for this scenario, sorghum

shows a very modest growth, while maize and soy CWF even decrease, although al-

most insignificantly. Once again, wheat shows a different behaviuor. Between 2010

and 2040 wheat CWF declines of 27%, then it slightly grows until 2100 in the case

of RCP6.0, while RCP2.6 further decreases until 2070, before growing towards 2100.

The choice of keeping constant the harvested areas at 2010, which was necessary

given the lack of a gridded data set of present and future harvested areas in the

literature, can explain the divergence in CWF trends between historical values and

future projections, in the interval going from 2010 to 2019. As can be seen in figure

4.5, where FAOSTAT (2021) historical values of harvested areas for the four crops

have been plotted together with GAEZ v4 2010 continental aggregation of cropland

areas, the shapes of the CWF closely resembles the shape of the harvested areas

historical series. By keeping areas constant at 2010, the expansion in harvested

areas recorded between 2010 and 2019 has remained neglected from the simulations

of future scenarios. However, the discordance between uWF and CWF values at

2010 cannot be attributed to the constant areas. Indeed, this might be linked to

the potential evapotranspiration data used in this work, which gives generally lower

values per African country with respect to FAO (2014) data set, as can be observed

in figure 3.16a, which was previously used to run the model by Tuninetti et al. (2015).

The difference in wheat behaviour might be linked to the fact that this crop

shows the highest amount of harvested areas supplied with irrigation water, 25% of

the total extension, with respect to maize, sorghum and soy, and a considerable total

production in the top three producers countries - see figure 4.6 -, comparable to the

respective production of maize and sorghum, which, although, show a way larger

extension of harvested areas across the continent. In addition, wheat shows the

highest actual yield until 2019. All these factors suggest a more effective agricultural

management for this crop and support the hypothesis advanced above about wheat

being on track to reach its potential yield. Nevertheless, the impacts of climate

change could pose a threat to this process and negatively impact wheat production.
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Figure 4.5: Historical evolution of harvested areas over whole Africa from 1961 to

2019. Future values are kept constant and equal to harvested areas at 2010.

The share of irrigated areas with respect to the total cropland extension is very

limited for maize, sorghum and soy, which record, respectively, 6%, 4.7% and 2.6%

as illustrated in figure 4.6a.
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Figure 4.6: Panel: (a) overall harvested areas in Africa by production type and

crop variety; (b) tonnes produced overall by the three major producers of each crop

variety at 2010.

4.2 Spatial Distribution and Temporal evolution

of rainfed water footprint

Rainfed uWF is obtained from equation 3.8 and includes only green water from

rainfall evapotranspired by rainfed crops divided by their respective yield. Therefore,

rainfed uWF can be used for assessing the water use efficiency of rainfed agriculture.

Here, maize and sorghum crops are used to illustrate the results of this section, since

they present the largest cropland areas and the highest water use, among the four

crops considered in this study. Sorghum rainfed uWF is quite heterogeneous on the

continent and shows marked higher values in correspondence of the arid subtropical

zones, which can be seen in figure 1.3a. Future scenarios report a general decrease of

rainfed uWF, except in Ethiopia and South Africa, where it is expected to increase.

In addition, the most evident divergence between RCP2.6 and RCP6.0 at 2100 is

expected precisly in South Africa, where the area reporting an increment bigger

than 100% considerably expands in the case of RCP6.0.
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Figure 4.7: Sorghum rainfed uWF across Africa at (a) 2010; (b) 2040, RCP2.6 ; (c)

2100, RCP2.6 ; (d) 2100, RCP6.0 ; Future scenarios are represented as percentage

difference maps relative to 2010.

Such characteristic behavior of Ethiopia and South Africa observed in figure 4.7,

is present in the case of maize as well, as shown in figure 4.8. Maize rainfed uWF also

shows higher values in correspondence with the arid zones at the tropics. However,

Angola and the Democratic Republic of Congo, which belong to the humid tropical

zone, also show discretely high values, as compared to other countries with more

arid climates. Therefore, this fact might be less related to the climate and more

to the effieciency of the agricultural management, which is expressed by the yield

component of the uWF. More notably, Namibia shows an overall positive change

only according to RCP6.0 at 2100, while RCP2.6 shows a more widespread negative

change, in the range of -60 to 0%, for both 2100 and 2040 Horizons. In addition,

it is only RCP6.0 to show a strong decrease of uWF along a tract of the Moroccan

coast, while nothing similar is reported by the other scenarios.
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Figure 4.8: Maize rainfed uWF across Africa at (a) 2010; (b) 2040, RCP2.6 ; (c)

2100, RCP2.6 ; (d) 2100, RCP6.0 ; Future scenarios are represented as percentage

difference maps relative to 2010.

4.3 Spatial Distribution and Temporal evolution

of irrigated water footprint

Irrigated uWF derives from equation 3.9 and includes both green and blue water

evapotranspired by irrigated crops divided by their respective yield. Therefore, irri-

gated uWF can be used for assessing the water use efficiency of irrigated agriculture.

Here, once again, maize and sorghum crops are used to illustrate the results of this

section. The most prominent feature in the figures of this paragraph is the extremely

limited extension of irrigated cropland areas, with respect to rainfed ones (refer to

figure 1.3b for a detailed description of AEI ). They are mostly located in western

Africa, specifically, in Egypt, along the river Nile, and in South Africa.
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Figure 4.9: Sorghum irrigated uWF across Africa at (a) 2010; (b) 2040, RCP2.6 ; (c)

2100, RCP2.6 ; (d) 2100, RCP6.0 ; Future scenarios are represented as percentage

difference maps relative to 2010.

South Africa shows again a widespread increase in irrigated uWF for both maize

and sorghum and low water use efficiency is reported in Sudan, however it is expected

to improve in the future scenarios. Maize and Sorghum shows opposite irrigated

uWF trends in two countries: Egypt and Ethiopia. Sorghum irrigated uWF is

expected to improve in Egypt in the future, but to get worse and increase in Ethiopia.

On the contrary, as observed in figure 4.10, maize irrigated uWF is reported to

increase in the future in Egypt, but to decrease, or improve, in Ethiopia.
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Figure 4.10: Maize irrigated uWF across Africa at (a) 2010; (b) 2040, RCP2.6 ; (c)

2100, RCP2.6 ; (d) 2100, RCP6.0 ; Future scenarios are represented as percentage

difference maps relative to 2010.

4.4 Crop aggregated green water footprint

In this and in the following section CWF results are reported as the combined

WF of the four crops considered in this work. In addition, the green and the

blue components of the WF have been separated in order to investigate the use of,

respectively, rainfall and irrigation water and its evolution in the future scenarios.

Green WF is obtained as:

WFg = 10 × ETg,LGP

Ya

A
m3

ton

B
(4.1)

where ETg,LGP is calculated following equation 3.6. Thus, green WF includes the

overall rainfall water evapotranspired by both rainfed and irrigated agriculture.
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Figure 4.11: Green WF across Africa at 2010. The three countries showing higher

values are enlarged. The histogram with the five countries recording higher values

is shown as well.

As it can be inferred from equation 3.6, ETg,LGP includes the total harvested

areas, rainfed and irrigated, therefore, in figure 4.11, the spatial extension of green

WF corresponds to the total harvested areas of the four crops together. This is why

the shape of the Nile river is so clear, from north of Egypt across Sudan. Below the

Sahara desert, the semi-arid region stretching longitudinally from Senegal in West

Africa to Sudan and Ethiopia in East Africa, called Sahel, is clearly evident. Here,

agriculture is strongly dependent on rainfall which, however, is erratic and highly

variable and the whole region is prone to droughts and often addressed as a climate

change hotspot (Turco et al., 2015), where the increase in mean temperature, the

intensification of extreme hot-season occurrence and a precipitation decrease de-

fine the hotspot. Even though farming systems are adapted to such variability, for

example through forms of seasonal nomadism, recent climate variations and their

complex interactions with socio-economic factors are increasing the pressure on the

region which is experiencing widespread impoverishment, growth of terroristic or-
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ganizations, increment of conflicts and migration towards wealthier countries (Aime

and de Giorgio, 2021). It is worth to notice that the two countries reporting the

highest green WF in Africa - namely Nigeria and Sudan - belong to this region, a

fact which confirms the strong dependency of their agricultural systems on rainfall.

4.5 Crop aggregated blue water footprint

Blue WF is defined as:

WFb = 10 × ETb,LGP

Ya

A
m3

ton

B
(4.2)

where ETb,LGP is calculated following equation 3.7. Thus, blue WF includes the

overall irrigation water evapotranspired by irrigated agriculture. its spatial extension

coincides with that of irrigated harvested areas, as showed below.

Figure 4.12: Blue WF across Africa at 2010. The three countries showing higher

values are enlarged. The histogram with the five countries recording higher values

is shown as well.
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The highest concentration of irrigated areas appears to be along the Nile river

and aroud its delta especially, on the coast of Egypt. The course of the river can

be followed southwards, across Sudan, until Karthoum, its capital city, where the

Blue Nile and the White Nile meet. South of the confluence point, the red coloured

area enclosed by the two rivers is a vast agricultural scheme, the Gezira, which

exploits their waters as its source of irrigation. It is not surprising that Egypt and

Sudan are the countries showing the highest blue WF. At 2010, the third country

on the list is Libya, however, it is South Africa to be enlarged in figure 4.12, since

its blue WF is expected to overcome Libya’s from 2040 onwards. Nevertheless,

figure 4.13 reports a decline in South Africa’s blue WF, which logically is to be

expected from Libya as well. This trend, coupled with the evidence brought in the

sections above of an expected increment in maize and sorghum rainfed and irrigated

uWF in South Africa, can be explained by a better sinchrony in the future between

these crops’ growing seasons and the rainfall, which allows to exploit more green

water and reduce the dependency from blue water without losing in production

amounts. Another interesting result shown in figure 4.13 is the expected progressive

increment in Sudan blue WF in the future scenarios. As explained before, Sudan

strongly depends on the Nile river as a source of irrigation water, therefore, such

result implies incremental abstracions of Nile waters. Moreover, Sudan is located

downstream with respect to Egypt, of which 70% of water demand relies on water

bodies, Nile included (De Angelis et al., 2021). It is not a novelty that the Nile is

a controversial trans-boundary river, but these projections could pose as additional

sources of tensions among the two countries in the future. The situation is further

complicated by the construction project of the Grand Ethiopian Renaissance Dam,

which Ethiopia is building on the Blue Nile river, just on the border in common

with Sudan. Supporters claim that the project could improve the flood control and

reduce the sediment deposition, however, critics maintain that there are risks of

reduced downstream water availability, a likely recession in Sudan agriculture and

losses for Egyptian hydropower (Wheeler et al., 2016).
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Figure 4.13: Three countries showing higher blue WF values at 2040, in orange,

on the left, and at 2100, purple, on the right - RCP2.6. The histogram shows the

evolution of the overall blue WF for the respective country between three scenarios.
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Discussion

The main and most evident outcome of the previous chapter is the effect of the

advanced management assumption on crop yields, which produces an impressive

increment by 2040. Even though this is a very optimistic hypothesis, it is fair to be-

lieve that, at some point in time, an agricultural management more similar to that of

western countries will be achieved across all the African continent. The consequences

of such scenario are immense, incredibly complex and impossible to be made into

generalizations across the whole continent; moreover, they largely exceed the scope

of this work and the capabilities of its author. However, the results presented in the

previous chapter, by limiting the range of the possibilities with the assumption of

constant harvested areas along the future scenarios, highlight some of the possible

consequences that could occur. Moreover, the magnitude of the change introduced

by the high input assumption between 2010 and 2040 partly obscures the impacts

ascribable to climate change. Still, some trends can be identified between different

future time steps and the divergences between the RCPs, which generally widens

approaching 2100, are meaningful. This work also evidences different dynamics be-

tween the two categories of impacts on agriculture - climate change and management

modernization -, however, in the long term they would definitely interact with each

other and, if climate change would take a negative toll on the agricultural sector,

an improved management could definitely represent a reliable mitigation strategy.

In Africa, crop yields may have stagnated due to a complex combination of fac-

tors, environmental and socio-economic. Specific constraints to crop yield increases
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include variability of dry spells and lack of field-water management strategies, ab-

sence of significant irrigation infrastructure, low nutrient application and absence

of fallows to restore soil fertility levels (Ray et al., 2012). However, biophysical

limitations can be overcome and significant yields gains achieved: according to Ray

et al. (2012), even fairly small increase in inputs is sufficient to double maize yields

in Africa. Thanks to the yield increment recorded in this work, between 2010 and

2040, the production of the four crops considered is expected to increase by 244.6%

for maize, 427.7% for sorghum, 193.5% for soy and 83.5% in the case of wheat.

Basically, maize and sorghum production is projected to more than triple, nearly

triple in the case of soy and nearly double for maize - as illustrated in figure 5.1.
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Figure 5.1: Evolution of agricultural production for each crop variety.
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These projections are in line with the need expressed by Ray et al. (2013) of

doubling global food production by 2050. Nevertheless, according to van Ittersum

et al. (2016), a three folds increase of food demand in sub-Saharan Africa is to be

expected by 2050. But even in this case maize, soy and sorghum would be on track

to successfully reach the goal, even assuming no cropland expansion. These are

optimistic projections which allow to hope for the abatement of the widespread food

insecurity on the continent, even though it is not only a question of total amount

produced. Nowadays, food insecurity is still high across the continent and affecting

large shares of the population, as can be observed in figure 5.2. Here, the prevalence

of severe food insecurity is represented as the percentage of people in the population

who live in households classified as severely food insecure. A household is classified

as severely food insecure when at least one adult in the household has reported to

have been forced to reduce the quantity of the food, to have skipped meals, having

gone hungry, having to go for a whole day without eating because of a lack of money

or other resources or exposed to other severe experiences as such, at times during

the year. It is an indicator of lack of food access (FAOSTAT, 2021). Even if this

sudden advancement in management seems unlikely, it is not the only opportunity

to improve crop yields. According to Elliott et al. (2014), semiarid regions where

crop are mainly cultivated under rainfed conditions, typically show the greatest yield

increase when irrigation water is supplied. Therefore, the expansion of the irrigation

infrastructure, supported with a sustainable water management represents a step

towards the streghtening of food security across the continent.
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Figure 5.2: Prevalence of severe or moderate food insecurity.

This last argument bridges the question about food production with the one

about the impact on water resources caused by the reported increment in yields. In

the thirty years going from 2010 to 2040, where the yield increment is located, a

strong reduction in uWF can be observed, which suggests a higher efficiency in the

use of water resources. At the same time, the CWF increases for all crops, excluded

wheat. This is simply due to the parallel rise in the tonnes produces, which derives

from the yield growth, since the areas are kept constant. Moreover, CWF growing

trends show lower rates than those of yields and, considering the share of rainfed

and irrigated areas described in section 4.1 and by figure 4.6a, the recorded increase

in CWF is mainly localized on rainfed agriculture. Such consideration opens to the

opportunity of expanding current agricultural production by converting shares of

cultivated areas from rainfed to irrigated with proper infrastructures for irrigation,

where the locally generated runoff is large enugh, so as to not compromise the

83



Chapter 5. Discussion

environmental flow and the downstream flow towards the other cells of the drainage

network. According to Elliott et al. (2014), many regions with the largest potential

for yield increases from expanded irrigation are also those most likely to have binding

constraints on water availability; however, De Angelis et al. (2021) demonstrated

how the problem of freshwater shortage in Africa is not only due to the actual

lack of water resources, which still occurs and it is worsened by the arid climate,

but it is also related to economic water scarcity. This is especially the case of the

tropical countries in central Africa, which, although, exhibit large annual availability

of rainfall, almost exceeding 2000 mm/yr. Moreover, these areas are crossed by two

of the main African rivers, Congo and Niger, they show the highest groundwater

recharge rates of all Africa (De Angelis et al., 2021) and the lowest percentage of

water stress, as illustrated if figure 5.3, both at 2010 and at 2040. Nevertheless, the

AEI, illustrated in figure 1.3b, of the countries in central Africa and of those facing
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Figure 5.3: Current and projected water stress index in Africa (source: WRI (2021)):

(a) Baseline water stress index (2010); (b) Index variation in the projection for year

2040 using the halfway scenario Business as Usual.
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the gulf of Guinea are minimal and mostly concentrated in Nigeria.

A slightly different picture emerges after 2040. From this moment to 2100, the

eventual impacts of climate change become visible. Both CWF and uWF increase,

yields fluctuates with positive and negative changes, for reasons discussed in chapter

4, Precipitation patterns change and ET0 increases, as shown in figure 2.8. There-

fore, the improvements brought by the advanced management assumption might

not last indefinitely, or in the more realistic case of a slower advancement, climate

change impacts could obstacle or even halt such a process, posing a threat to the

food security achievement. Climate change can affect the water availability along

the growing season or impact the plant growth by means of high temperatures. The

last oppurtinity to maintain yield improvements under this scenario would be to

expand the harvested areas, as it is occurring at the moment from what can be seen

from figure 4.5. However, this is a controversial solution. Land clearing is is a strong

pressure on the environment which causes the loss, fragmentation and degradation

of native vegetation, it impacts the local species and the soils, leading to erosion and

loss of nutrients. In addition, it is recognised as a driver of climate change, through

the emission released in the process and it might cause the trespass over ancestral

lands inhabited by local populations.

There is obviously no single solution to this complex and deeply interrelated

topic. Given the extension of the African continent, different strategies might be

better suited for specific locations and multiple measures might be applied at once

aiming to the same purpose.
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Human Pressure

Water scarcity - High

No Data
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Figure 5.4: Map of land and/or water scarcity pressures on agriculture; taken from

FAO (2021)
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Conclusion

The issues of food security and climate change are of primary importance nowa-

days. Climate change is already affecting every inhabited region across the globe,

widespread and rapid changes in the atmosphere, ocean, cryosphere and biosphere

have occurred; global temperature and precipitation have increased since 1850, the

oceans have warmed and the global mean sea level have risen (IPCC, 2021). More-

over, climate change also affects food production. Warmer mean and extreme tem-

peratures, altered precipitation regimes and drought patterns, elevated atmospheric

CO2 concentrations, among many other mechanisms, already affect agricultural pro-

ductivity worldwide (Jägermeyr et al., 2021). In parallel to climate change impacts

on agriculture, the rising demand for crop production, which stem from increasing

human population, meat and dairy consumption, as a consequence of growing afflu-

ence, and biofuel consumption (Ray et al., 2013) constitute additional pressures on

the sector. Furthermore, world hunger is on the rise after having remained stable

for few years, the prevalence of undernourishment increased from 8.4 to 9.9% just

in 2020 as a consequence of the global pandemic of COVID-19 (FAO et al., 2021).

Africa shows the highest percentage of population suffering from hunger, globally,

and many of its regions, due to their current proximity to crop-limiting tempera-

tures thresholds for suitable production, are expected to suffer more negative effects

from climate change than mid- and high- latitude regions. The present thesis tries

to bridge such matters by placing the discussion at one of the multiple intersections

between them. It must be emphasized that, however many socio-economic, political

and cultural factors shape the actual changes that occur in the world, this study
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only addresses biophysical opportunities and limitations when discussing production

increase and resource availability. In this framework, the central questions posed

by the present thesis are: (i) What would happen if it was possible to reach an

advanced agricultural management on the current cropland by 2040? (ii) Would the

production be sufficient to meet the growing food demand? And (iii) How would

this impact the water resources?

The CWF indicator has been chosen as the meter for this analysis since it unites,

in its meaning, information about production, of a crop good in this case, and about

the water resources consumption inherent to the production. The future projection

add the time variable and allow to simulate the effects of a changing climate on the

variable of interest. The GGCM GAEZ v4 (FAO and IIASA, 2021) has provided the

yield component of the CWF and its future simulation, while the ISI-MIP repository

provided the simulations of future climatic variables necessary to the CWF model

to compute the actual ET, the other component necessary to calculate the CWF.

The computation of the results has been performed by the CWF model developed

by Tuninetti et al. (2015), aptly modified to produce one baseline scenario set at

2010 and three 30 years long future scenarios, identified by the representative years

2040, 2070 and 2100, for RCP2.6 and RCP6.0 and for four different crop: maize,

sorghum, soy and wheat. CWF has been computed in different forms - namely

blue, green, irrigated and rainfed - in order to untagle its dense meaning and bet-

ter investigate the water use of different types of water supply in African agriculture.

The results obtained show a net decrease, for all crops, of the uWF between 2010

and 2040, as a direct consequence of the impressive growth of yield produced by the

central assumption of this work: a high input advanced agricultural management

over all the continent has been assumed in the future scenarios, in order to study

its consequences. Consequently, CWF projections between 2010 and 2040 show a

positive trend for all crops, wheat excluded. Wheat show a generally different be-

haviour with respect to the other crops; this has been explained by the fact that

the yield growth projected by the high input assumption is in line with the actual

yield growth visible until 2019, which suggests a smaller yield gap for this crop.
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Additionally, wheat is the crop which shows the highest range of irrigated areas over

the total cropland. After 2040 the effects of climate change become visible, causing

uWF to rise again and yields to drop. Moreover, the RCPs analyzed presents a

wider gap between their results the more they approach 2100. The impacts of a

changing climate can also be observed in the percentage difference maps, which also

show their spatial distribution. Generally, the tropical regions are more negatively

affected than the north and the south of the continent. The analysis of the blue

WF shows that the main use of water for irrigation occurs along the Nile river

and, in the case of Sudan, blue WF is expected to increase, raising concerns for

possible conflicts related to the river water use. The production increase observed

gives promising results, which seems on track to meet even the highest projection of

future food demand and open the possibility to hope for a drastic reduction of food

insecurity.

The main limit of this work is the assumption of constant areas at 2010, which

forces to neglect the steep expansion observed for all crops between 2010 and 2019.

This has been a constraint, since a data set providing future projection of harvested

areas is missing in the literature at the moment. However, future works could refine

the analysis by including the current cropland exapansion and simulating future

ones. Moreover, the assumption of advanced management could be represented as

an improvement over a longer period of time and a progressive share of irrigated

areas could be projected on the current ones, as to show an eventual expansion of

irrigated infrastructure.
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Appendix A

Yield spatial variability on Italy

and Ethiopia
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Figure A.1: Spatial variability of irrigated Maize (a) average yield, (b) standard

deviation across Ethiopia and (c) average yield, (d) standard deviation across Italy

for the year 2000
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Figure A.2: Spatial variability of rainfed Maize (a) average yield, (b) standard

deviation across Ethiopia and (c) average yield, (d) standard deviation across Italy

for the year 2000
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Figure A.3: Spatial variability of rainfed Maize (a) average yield, (b) standard

deviation across Ethiopia and (c) average yield, (d) standard deviation across Italy

for the year 2099, RCP6.0
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Country identifier global grid

A global grid containing country-identifying FAO codes in every cells, belonging to

the respective country, have been used to perform national aggregation of statistics

[e.g. yield national average]. The starting point for the grid production was a single

ESRI shapefile with country borders provided by GADM (2018). Consequently, the

shapefile was converted to a raster with the proper resolution of 5 × 5 arc min. The

map has been used as a mask to assign yield and area cells to the proper country,

in order to produce the above-mentioned scatter-plots.
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GGCMs Details

Table C.1: GGCMs detailed parameters descroiption

Model CLM4.5 GEPIC PEPIC LPJmL GAEZ

Type Ecosystem Site-based Site-based Ecosystem AEZ

CO2

Effects
n.a. RUE, TE RUE, TE LF, SC n.a.

Stresses W, T, H
W, T, H, A,

N, P, BD,

AL

W, T, H, A,

N, P, BD,

AL

W, T
W, T, H,

PDW

Fertili-

zer

Applica-

tion

N to meet

crop demand

Split N

application

N based on

ISI-MIP2b,

P with no

limitation

n.a.

Application

depends on

input

scenario

Spatial

Scale

30 x 30 arc

min

30 x 30 arc

min

30 x 30 arc

min

30 x 30 arc

min

5 x 5 arc

min

Climate

Input

Varia-

bles

T, SH, WS,

LwR, SwR,

Pr

WS, Tmax,

Tmin, RH,

SwR, Pr

WS, SH,

Tmax, Tmin,

RH, SwR, Pr

T, LwR,

SwR, Pr

Tmin,

Tmax,

SF, WS,

RH,

Pr
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Table C.1: GGCMs detailed parameters descroiption

Model CLM4.5 GEPIC PEPIC LPJmL GAEZ

GCMs

GFDL-

ESM2M,

HadGEM2-

ES,

IPSL-

CM5A-LR,

MIROC5

GFDL-

ESM2M,

HadGEM2-

ES,

IPSL-

CM5A-LR,

MIROC5

GFDL-

ESM2M,

HadGEM2-

ES,

IPSL-

CM5A-LR,

MIROC5

GFDL-

ESM2M,

HadGEM2-

ES,

IPSL-

CM5A-LR,

MIROC5

GFDL-

ESM2M,

HadGEM2-

ES,

IPSL-

CM5A-LR,

MIROC-

ESM-

CHEM,

NorESM1-

M

Crops
Maize,

Soy

Maize,

Wheat,

Soy,

Rice

Maize,

Wheat,

Soy,

Rice

Maize,

Wheat,

Soy,

Rice,

Millet,

Cassava,

Sugar beet,

Field pea,

Rapeseed,

Sunflower,

Groundnut,

Sugarcane

Up to

77 crops

Outputs Actual yield Actual yield Actual yield Actual yield

Potential

yield

Attainable

yield

Notes for abbreviations:

• CO2 effects - RUE: Radiation use efficiency; TE: Transpiration efficiency; LF:
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Leaf-level photosynthesis; SC: stomatal conductance;

• Stresses - W: water stress; T: temperature stress; H: specific-heat stress; A:

oxygen stress; N: nitrogen stress; P: phosphorus stress; BD: bulk density; AL:

aluminum stress (based on pH and base saturation); PDW: Pests, diseases and

Weeds;

• Fertilizer application - N: Nitrogen; P: Phosphorus;

• Climate input variables - T: temperature; Tmax: maximum temperature;

Tmin: minimum temperatire; RH: relative humidity; SH: specific humidity;

SF: sunshine fraction; WS: wind speed; LwR: long wave radiation; SwR: short

wave radiation; Pr: precipitation;
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