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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 wWF 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.



Contents

List of Figures

List of Tables

1

2

3

Introduction

Data

2.1 Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP)

2.2 Global Gridded Crop Models . . . . . . . ... ... ... ... ....
221 CLM4.5 . . . . e
222 GEPIC . ... . . .
2.2.3 PEPIC . .. . . . . .
224 LPJmL . ... . . ..
225 GAEZ v) . . .

2.3 Crop Yield Simulations . . . . . . ... ... oL

24 Crop Actual Yield . . . .. ... .

2.5 Harvested Areas . . . . . . . ...

2.6 Climatic Data . . . . . . . . .. ...

2.7 Crop-specificdata . . . . . . .. . . ... . ...

Methodology

3.1 Global gridded crop model Validation . . . . . . ... ... ... ...
3.1.1 Models Ensemble spatial variability . . . . ... .. ... ...
3.1.2  Temporal variability & Model comparison . . . . . ... ...
3.1.3 Country specific procedure . . . . . . . ... ...
3.1.4 Inclusion of GAEZ v} in the validation . . . . . .. .. .. ..

17

20
21
22
23
23
23
25
29
31
32
35



CONTENTS

3.2
3.3

GAEZ v} extensive analysis & validation . . . . . . . ... ... ... 46
Crop Water Footprint Model . . . . . . . . . ... ... ... ..... 51

3.3.1 Evaluation of Crop Water Footprint over a single growing season 52

3.3.2  Validation of input climatic variables . . . . . ... .. .. .. 53

3.3.3 Model Modifications . . . . ... ... ... ... 55

3.4 Scenarios compariSon . . . . ... ... 59

4 Results 62
4.1 Continent-level aggregated water footprint . . . . . . .. . ... ... 63
4.2 Spatial Distribution and Temporal evolution of rainfed water footprint 71
4.3 Spatial Distribution and Temporal evolution of irrigated water footprint 73
4.4  Crop aggregated green water footprint . . . . . ... ... ... ... 75
4.5 Crop aggregated blue water footprint . . . . . .. ... ... .. ... 7

5 Discussion 80
6 Conclusion 87
Bibliography 90
A Yield spatial variability on Italy and Ethiopia 97
B Country identifier global grid 100
C GGCMs Details 101



List of Figures

1.1

1.2

1.3

2.1

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). .
(a) Geographic map of Africa; (b) Major Agricultural Systems, taken
from AQUAMAPS (FAO, 2021). . . . .. ... ... ... .....
(a) Estimated aridity over Africa; taken from FAO (2021); (b) Area
equipped for irrigation (AEI), available from Siebert et al. (2013). . .

Schematic representation of the scenario design for ISIMIP2b. “Other”
includes non-climatic forcing factors such as fertilizer input, irriga-
tion, selection of crop varieties, water abstraction for human use etc.
Panel (a) shows model runs that separate the pure effect of the histor-
ical 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 on-
wards, associated with RCP6.0 (no mitigation scenario under SSP2)

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

10

15



LIST OF FIGURES

2.4

2.5

2.6

2.7

2.8

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

National aggregation of maize yield at 2010, 2040, 2070 and 2100 for
RCP2.6, COq scenario. . . . . . . . . . .. . oo v i 27
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 . . . . . . . ... ..o oL 29
Crop actual yield at 2010 for: (a) Maize, (b) Sorghum, (c) Soy, (d)
Wheat, source: GAEZ vj . . . . . . . . . . . 31
Total harvested areas of: (a) Maize, (b) Sorghum, (c) Soy, (d) Wheat,
source: GAEZ v4 . . . . . .. 32

Percentage variation maps relative to 2010 of: (a) precipitation at

2100; (b) reference potential evapotrnapiration at 2100; . . . . . . . . 35

Spatial variability of irrigated Maize (a) average yield, (b) standard
deviation across Ethiopia and (c) average yield, (d) standard devia-
tion across Italy for the year 2099, RCP6.0 . . . . . . . . . ... ... 39
Individual models, ensemble and FAOSTAT (2021) yearly national
maize yield data comparison for (a) Ethiopia and (b) Italy, RCP2.6 40
Individual models, ensemble and FAOSTAT (2021) yearly national
maize yield data comparison for (a) Ethiopia and (b) Italy, RCP6.0 40
(a) CLM4.5, (b)GEPIC, (c)LPJmL and (d) PEPIC, ensemble and
FAOSTAT (2021) yearly national maize yield series, Ethiopia, RCP2.6 41
(a) CLM4.5, (b)GEPIC, (¢)LPJmL and (d) PEPIC, ensemble and
FAOSTAT (2021) yearly national maize yield series, Italy RCP2.6 . . 41
(a) CLM4.5, (b)GEPIC, (¢)LPJmL and (d) PEPIC, ensemble and
FAOSTAT (2021) yearly national maize yield series, Ethiopia RCP6.0 42
(a) CLM4.5, (b)GEPIC, (c)LPJmL and (d) PEPIC, ensemble and
FAOSTAT (2021) yearly national maize yield series, Italy RCP6.0 . . 43
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 . . . . . .. ... ... ... . ..... 44



LIST OF FIGURES

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

Comparison among Ethiopia yearly national yield as obtained from

FAOSTAT (2021), Model Ensemble and GAEZ v4. (a) RCP2.6; (b)

Comparison among Italy yearly national yield as obtained from FAO-
STAT (2021), Model Ensemble and GAEZ v4. (a) RCP2.6; (b) RCP6.0 45
GAEZ vj validation with FAOSTAT (2021) national yield values -

(a) Sorghum; (b) Maize. . . . . .. ... ... oL A7
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 . . . ..o 48
GAEZ v4 2040 sorghum yield scenario comparison: (a) with and
without COy fertilization; (b) RCP2.6 and RCP6.0 . . . . . ... .. 49
GAEZ v4 future attainable soy yield at 2100 compared with: (a)
actual soy yield at 2010; (b) attainable soy yield at 2040 . . . . . .. 50
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 . . . . . .. ... ... 51
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. 54
Daily evapotranspiration (a) and precipitation (b) over the growing
period of Sorghum in one grid cell of Egypt. Horizon 2070, RCP2.6,

COqo . o 55
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, COy . . . . . . . . .. .. ... ... 56
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, COy . . . . . . 57
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, COy . . . . . . . . . . ... ... ... 57



LIST OF FIGURES

3.21

3.22

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

Comparison of (a) uWF and (b) CWF between 2010 and 2100 for

maize, scenario RCP2.6, CO, fertilization. . . . . . . . .. ... ... 60
Percentage difference map of (a) Maize uWF at 2100 (RCP2.6) and
(b) wheat CWF at 2100 (RCP2.6), relative to 2010 . . . . . . . . .. 61

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. . . . . . . .. . ... ... L. 64
Yield achievement ratio of: (a) maize; (b) sorghum; (c) soy; (d) wheat. 65
Evolution of uWF averaged over whole Africa across future scenarios.
Both RCPs are shown. . . . . . .. .. ... ... ... .. ...... 67
Evolution of WF averaged over whole Africa across future scenarios.
Both RCPs are shown. . . . . . .. .. ... ... ... .. ...... 68
Historical evolution of harvested areas over whole Africa from 1961
to 2019. Future values are kept constant and equal to harvested areas
at 2010. . . .. 70
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. . . . . . . . .. ... 71
Sorghum rainfed uWF across Africa at (a) 2010; (b) 2040, RCP2.6;
(c) 2100, RCP2.6; (d) 2100, RCP6.0; Future scenarios are repre-
sented as percentage difference maps relative to 2010. . . . . . . . .. 72
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. . . . . . . . . . .. .. 73
Sorghum irrigated uWF across Africa at (a) 2010; (b) 2040, RCP2.6;
(c) 2100, RCP2.6; (d) 2100, RCP6.0; Future scenarios are repre-
sented as percentage difference maps relative to 2010. . . . . . . . .. 74
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. . . . . . . . . ... .. 75



LIST OF FIGURES

4.11 Green WEF 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. . . . . . . . .. ... ... ... ....

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. . . . . . . . ... ... ... ... ...

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. . . . . . . . . . ... L

5.1 Evolution of agricultural production for each crop variety.. . . . . . .
5.2 Prevalence of severe or moderate food insecurity. . . . . . . . . .. ..
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. . . . . . . . . .
5.4 Map of land and/or water scarcity pressures on agriculture; taken

from FAO (2021) . . . . . . . .

A.1 Spatial variability of irrigated Maize (a) average yield, (b) standard
deviation across Ethiopia and (c) average yield, (d) standard devia-
tion across Italy for the year 2000 . . . . . . .. ... ... ... ...

A.2 Spatial variability of rainfed Maize (a) average yield, (b) standard de-
viation across Ethiopia and (c) average yield, (d) standard deviation
across Italy for the year 2000 . . . . .. .. .. ... ... ... ...

A.3 Spatial variability of rainfed Maize (a) average yield, (b) standard de-
viation across Ethiopia and (c) average yield, (d) standard deviation

across Italy for the year 2099, RCP6.0 . . . . . . . . ... ... ...



List of Tables

2.1
2.2
2.3
2.4

C.1
C.1

GGCMs simulations used in thisstudy . . . . .. ... ... ... .. 28
Summary of Crop Actual Yield data sets . . . . . .. ... ... ... 30
Summary of Harvested Areas data sets . . . . . ... ... ... ... 32
Summary of Climatic data sets . . . . . . . ... ... ... ..... 34
GGCMs detailed parameters descroiption . . . . . . .. .. .. .. .. 101
GGCMs detailed parameters descroiption . . . . . . .. .. ... ... 102



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

tivity worldwide (Jagermeyr 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 COy 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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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 [%]
17,1

710.1
18,7

I 28,2

N 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
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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 (Jagermeyr 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 (Jégermeyr 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 CO, fertilization effects can

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

11
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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 20407 (ii) Would the production be sufficient to meet the growing food

12
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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 vj (FAO and ITASA, 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 CO, concentrations, whereas assumptions on soil properties and
management systems are static (Miiller 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 (Jagermeyr 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
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substituted by rice. Maize is the most widespread cultivation and it is present in

nearly all the ecological zones.

Agricultural System
[ Jwater

[_] Other land

I Forest

I Irrigated

I Paddy rice

[ Dry savanna agriculture
[T Humid savanna agriculture
Il Highland agriculture

I Warm (sub-) humid agriculture
Il Temperate agriculture

[ Desert

[1Dry rangeland

[] Temperate rangeland

[ Boreal

(a) (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 AFEI 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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AEl [ha]
<50

Aridity Index M50 - 100
N0 -0,05 7100 - 250
[0,05-0,2 W 250 - 500
—10,2-0,5 I 500 - 1.000
£90,5-0,65 I 1.000 - 2.000
> 0,65 N > 2.000

(a)

(b)

Figure 1.3: (a) Estimated aridity over Africa; taken from FAO (2021); (b) Area
equipped for irrigation (AET), 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 vj. 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.

16



Chapter 2

Data

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: CLMJ.5, GEPIC, PEPIC, LPJml - which
belong to the Inter-Sectoral Impact Model Intercomparison Project (1SI-MIP) repos-
itory (Schellnhuber et al., 2014) - and the Global Agro-Ecological Zoning version
4 (GAEZ v4) - developed by the Food and Agriculture Organization (FAQO) and
the International Institute for Applied Systems Analysis ([IASA) (FAO and ITASA,
2021). Finally, the choice has fallen on the most recent of these models, GAEZ v/, 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 ITASA, 2021).
Specifically, the actual harvested areas for rainfed and irrigated cultivation, for the
reference year 2010, of the crops under analysis, provided by GAEZ v/, 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 (k. ;) 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/ITASA/ISRIC/ISSCAS/JRC (2012), the root zone depth, obtained from
Siebert and Do6ll (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 ;).
Finally, fundamental input data for the model to work are Precipitation (P) and ref-
erence Potential Evapotranspiration (ETy), 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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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 (Miiller 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, CLMJ.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 v/ 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 CO, 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 CLMJ4.5

The Community Land Model (CLM/.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.
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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 CO,
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 CO, (Bondeau

et al., 2007).

2.2.5 GAEZ v/

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. AFEZ 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 ITASA, 2021).
GAEZ v/ 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 ITASA, 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 ITASA, 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 ITASA, 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 vj 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
ITASA, 2021). See figure 2.3 for a schematic representation of GAEZ vj overall

structure.

An additional aspect of GAEZ v/ 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 ITASA, 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.
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Figure 2.3: Overall structure of GAEZ v4, (FAO and TTASA, 2021)

2.3 Crop Yield Simulations

ISI-MIP impact models CLM/.5, GEPIC, PEPIC, LPJml provide yield simulations,
with a resolution of 30 x 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, MIROCS5 - and are available as
modelled by different climate scenarios which represent the climate of the simu-
lation period, including the COy 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 CO, 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 CO4 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.

GAFEZ vj 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 x 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 CO, concentration in the atmo-
sphere and its fertilization effect on plant growth, while the second neglecting CO,
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 v/ 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 v/. For the Historical
assessment, GAEZ vj 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 x 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 v/ 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 v/ 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.
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Figure 2.4: National aggregation of maize yield at 2010, 2040, 2070 and 2100 for
RCP2.6, CO5 scenario.
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Table 2.1: GGCMs simulations used in this study

Time Climate | Climate Sensitivity
GGCM Crops
Interval | Scenario | Forcing Scenario

GFDL-ESM2M
Historical
2000-2005 HadGEM2-ES
CLM45 RCP2.6 CO2 Maize
2006-2099 IPSL-CM5A-LR
RCP6.0
MIROC5
GFDL-ESM2M
Historical
2000-2005 HadGEM2-ES
GEPIC RCP2.6 CcO2 Maize
2006-2099 IPSL-CM5A-LR
RCP6.0
MIROC5
GFDL-ESM2M
Historical
2000-2005 HadGEM2-ES
PEPIC RCP2.6 CcO2 Maize
2006-2099 IPSL-CM5A-LR
RCP6.0
MIROC5
GFDL-ESM2M
Historical
2000-2005 HadGEM2-ES
LPJmL RCP2.6 CcO2 Maize
2006-2099 IPSL-CM5A-LR
RCP6.0
MIROC)
GFDL-ESM2M CO2-
Maize
2011-2040 HadGEM2-ES fertilization,
GAEZ RCP2.6 Soy
2041-2070 IPSL-CM5A-LR without-
v4 RCP6.0 Sorghum
2071-2100 MIROC-ESM- CO2-
Wheat
CHEM NorESM1-M | fertilization
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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 v/, 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 vj actual yield data set has a resolution of 5 x 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 v/ 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 x 5 arc min grid. This data set has been
widely used across the literature [e.g. Tuninetti et al. (2015); Siebert and Do6ll
(2010)] and since Sub-national data sets of crop yields at high spatial resolution are
seldom available, a comparison with the more recent GAEZ v/ dataset has been

performed - See figure 3.12.

Table 2.2: Summary of Crop Actual Yield data sets

Spatial Water
Source Coverage Crops
Resolution Supply
FAOSTAT National Maize, Sorghum,
1961-2019 Average
(2021) Average Soy, Wheat

Maize, Sorghum, | Irrigated
GAEZ v4 2000, 2010 5 x 5 arc min

Soy, Wheat Rainfed

Monfreda Maize, Sorghum, | Irrigated
2000 5 X H arc min

et al. 2000 Soy, Wheat Rainfed
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Figure 2.6: Crop actual yield at 2010 for: (a) Maize, (b) Sorghum, (c) Soy, (d)
Wheat, source: GAEZ v/

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 x 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 C'WF 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
Spatial Water
Source Coverage Crops
Resolution Supply
Portmann Maize, Sorghum, | Irrigated
2000 5 arc-min
et al. (2010) Soy, Wheat Rainfed
2000 Maize, Sorghum, | Irrigated
GAEZ v4 5 arc-min
2010 Soy, Wheat Rainfed
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Figure 2.7: Total harvested areas of: (a) Maize, (b) Sorghum, (c) Soy, (d) Wheat,
source: GAEZ vy

2.6 Climatic Data

The CWF model uses Precipitation (P) and reference Potential Evapotranspira-
tion (ET}) 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 x 30 arc min resolution and are obtained from four different GCMs - FDL-ESM2M
HadGEM2-ES IPSL-CM5A-LR MIROCS5. For the purpose of this study, the output
of the GCMs have been averaged and downscaled to 5 x 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 ET ,, 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 x 30 arc min as the output of PCR-GLOBWDB 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 x 5 arc
min using Nearest Neighbour resampling method. As precipitation data, £T) ,, has
been organized in the four 30-years intervals, representing the four CWF Horizons
and monthly averaged in order to obtain a representative year. ET); 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).

33



Chapter 2. Data

Table 2.4: Summary of Climatic data sets

Potential
Variable Precipitation
Evapotranspiration
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 x 30 arc min

30 x 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 x 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, (k. ), 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, £, ; 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, pg, 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, £ ;, 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 £, ; is equal to 1 throughout the growing period,
while in rainfed production £; ; 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/ITASA/ISRIC/ISSCAS/JRC (2012) are used, together with precipitation
data, the root zone depth, obtained from Siebert and D6ll (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 C'WF 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 C'WF' 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 GAFEZ v 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 v/ 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 v/
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, MIROCS5 - 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 v/ model, has been added to the procedure.

3.1.1 Models Ensemble spatial variability

The harvested areas-weighted yield, Y,, 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./ and the rainfed, Y, production yields:

YiEx AR+ VI x Al <t0n>
AR+ AT ha

where A" and A’ are, respectively, the rainfed and irrigated harvested areas, here

Y, = (3.1)

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).

Yield [ton/ha]
o 63

(a)

A

Yield [ton/ha] (d) St. Dev.

13,1

(c)

o 5,3

10 10

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

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) CLM}.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.

(a) T T T T (b) T T T
8l —<—CLM4.5 &—Ens FAO i 8l —<—GEPIC —<—Ens FAO
g 6 g 6
= c
2 2 o
T4r 5 4l AR RSB nen @l e R R o o a ce]
O PR RGP % R R R ° @”’Q’N“M&Wﬁ%f‘w S SRR TR
= : S = € f )
2 25 2 . 2
0 . . . . 0 . . . .
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year
© ‘ (d)

T T T T T T
—&—LPJmL —=—Ens FAO [—=—PEPIC ——Ens FAO|

PAP Ao P T e i

©
T
e}

g6r T6
S IS
2 2
94r ) oA .
R e At S e P P I S O RIS s aeR e R SR NSe P
S~ : SRR ~ c t R
2F 2
SRRSO
0 . . . \ 0 . . . .
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year

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) CLM}.5, (b) GEPIC, (¢)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 vj 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 v/, 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 v/ 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 v/
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 vj 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 v/
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 vj simulations can be found in section 2.3).

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

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

3.2 GAEZ vj extensive analysis & validation

Once GAEZ v/ 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 CO,
with those that do not. Futhermore, they have been used to validate GAEZ v 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, CO, fertilization and
no CO, fertilization. Figure 3.11 below shows GAFEZ vj attainable crop yield scenar-
ios validation with FAOSTAT (2021) 2019 actual national average yield statistics.
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Figure 3.11: GAEZ v/ 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 v/ applies to future attainable
yields. This is confirmed by the validation of GAEZ vj national actual yield at
2010 with FAOSTAT (2021) national yield values at 2010, which can be seen in
figure 3.12, panel (a). GAEZ vj actual yield is not subject to such assumption.
Indeed, national yield values are closer to the 1x bisector. Only GAEZ v/ 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 CO, 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 CO, effects. National yields barely diverge from the 1x bisector; however,
a small trend towards the axis representing the scenario which include CO, 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 [Cog| 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 COq 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 v/
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 CO, 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 v/ 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 v/ 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 v/ crop model had been confirmed, the harvested ar-
cas and the yield data sets have been given as inputs to Tuninetti et al. (2015)
CWEF model. The model evaluates the virtual water content of crops at the spatial
resolution of 5 x 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, ET, , (mm), and the crop

actual yield, Ya (tonha™!), or attainable yield, in the case of fututre scenarios, as:
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10 x BTG, m?

where the factor 10 converts the evapotranspired water height expressed in mm into
a water volume per land surface expressed in m®ha™! (Tuninetti et al., 2015). Tt
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):

KT,,=FET,,+ ET, (3.3)

3.3.1 Evaluation of Crop Water Footprint over a single grow-

ing season

Monthly long-term average reference evapotranspiration data, ET,, at 30 x 30 arc
min resolution are converted to 5 X 5 arc min data grids, as explained is section 2.6.
Then, daily ET),; values are determined through a linear interpolation of monthly
climatic data in which the monthly ET) ,, 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 x 5 arc min resolution daily evapotranspi-

ration data (Tuninetti et al., 2015).

Daily crop evapotranspiration, ET,;, is then calculated following Allen et al.
(1998) approach for the virtual water content assessment [Mekonnen and Hoekstra
(2011); Siebert and Dall (2010); Tuninetti et al. (2015)]. According to such approach,
ET,; is defined as:

ETa,j = kc,j X ETO,j X ks,j (Trgn) (34)

where k. ; is the daily crop coefficient, E'T); is the daily reference evapotranspira-
tion (mmd~') and k;; 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, ET,

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

LGP
ET, 190 = > ET,; (mm) (3.5)
=1

ET, ;, 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, ETfj,

is equal to the total evapotranspiration, ET%

%, while the blue component ET} is

equal to zero. However, for irrigated crops, the blue component, ETb{ ;» equals the
amount of irrigation water provided to the crop, while the green component is the
difference between ETa{ ; and ETb{ ; 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}Y ;p) and irrigated conditions (ET, ;op and ET) [ ;p).

Following Tuninetti et al. (2015), in order to compute the overall green and blue
evapotranspiration over the growing period per each cell, ET, r¢p and ETy rqp, the

weighted average of the rainfed and irrigated component is performed:

ETyrep = AR AT (3.6)
ET!;qp x A
ETy rap IZ’]L%G_I;AI (3.7)

where A% and A’ are the harvested areas, here used as weights, sourced from GAEZ

v4, as described in section 2.5.

Finally, ET, r¢p and ETj qp 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 ET) 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 ET,. 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 vj 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 ETy, 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, CO,
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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, COq

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 x 5 arc min resolution, 2160 x 4320 grid cells).
Each output variable, for every representative Horizon, is stored in 12 maps, one
per each month, with a resolution of 5 x 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, CO,
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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, COq

The outputs compiled by the CWF model are:

» Crop actual evapotranspiration for rainfed and irrigated production, ET(f”j and

ETI .

a,j’

o Crop actual green and blue evapotranspiration for irrigated production, ET, b{ ;

and ET! . which are the components of ET!

9,57 a,j)

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

duction;
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o 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 runoft;

e The water used for irrigation, which corresponds to ETb{ ; in the irrigated

production;

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

The rainfed and irrigated production C'WF' 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
C'WEF 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:

10 x ETE m3
WE,, = — o6k — 3.8
10 x (BT} + ET! 3
WE,, = ( b LGP g,LGP) <m> (3.9)
Yz'r’r ton

Where Y,; and Y. 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 m? used for
one ton of maize. Here, the representative year is 2070 and the RCP is 6.0, COy

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 wWF in panel (a). The most impressive results is the

nearly 92% reduction of maize «WF' 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, CO, fertilization.

The same comparison is presented in percentage difference map form in figure ?7?.
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 RCPG6.0 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
WE. 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
WFE 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 x 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 CO; 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.
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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 de