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Abstract 

The deteriorating status of water scarcity and food insecurity poses a global challenge, driven 

by population growth, rapid urbanization, socio-economic developments, shifting consumption 

patterns, inefficient resource use, and climate change impacts. Agriculture, the largest user of 

freshwater and land resources, faces constraints due to diminishing availability of both blue 

and green water resources, leading to food shortages and increased vulnerabilities, 

particularly in Africa’s developing regions. Recent trends in Africa show expansions in both 

rainfed and irrigated croplands. However, agricultural extensification strategies can disrupt 

ecosystems and biodiversity, notably in targeted floodplain wetlands, and exacerbate 

competition for scarce blue water resources, especially in arid regions and transboundary river 

basins. This thesis underscores the pressing need for agricultural intensification, emphasizing 

the enhancement of productivity on existing croplands. 

The aim of this research is to identify and quantify the potential for increasing crop yields while 

conserving water and land resources across diverse agricultural systems in Egypt, Sudan, 

Ethiopia, and Tanzania. Additionally, this research aims to provide insights into the 

implications of potential improvements for future crop intensification and the associated 

demand for water and land resources. To achieve these multidisciplinary aims in such data-

scarce regions, this research has developed novel methodological approaches. These 

approaches integrate open-access remote sensing datasets and secondary data to accurately 

monitor agricultural systems and associated parameters including land use, land cover, 

precipitation, actual and potential evapotranspiration, crop yield, and crop transpiration. 

This thesis has demonstrated how these transferrable methodological approaches offer in-

depth insights into the performance of agricultural systems, by calculating performance 

indicators including water use efficiency, crop water productivity, land productivity, evaporative 

stress, relative evaporative stress, and transpiration fraction, at adequate spatial and temporal 

resolutions across regions of diverse agricultural types, scales, and challenges. The spatial-

temporal investigation conducted, covering sufficient timespans and spatial extents, proved 

instrumental in detecting spatial and temporal variabilities in performance indicators, thus 

enabling a reliable understanding of current performance status and facilitating the detection 

and quantification of potential improvements. These identified improvements have been used 

to construct plausible scenarios of future crop intensification and associated water and land 

requirements. Furthermore, the analyses conducted have identified specific interventions 

necessary to enhance production efficiency and to conserve water and land resources across 

the studied regions. 

The findings of this thesis emphasize the considerable potential for crop intensification in the 

studied regions. The identified improvements have profound implications for water and food 

securities as well as for the sustainable development of water and land resources. These 

findings serve as pivotal entry points for guiding interventions and investments to enhance 

crop production and conserving vital water and land resources. These insights are valuable 

for strategic decision-making, directing efforts towards fostering agricultural sustainability and 

resilience amidst evolving environmental and socio-economic challenges. 
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Zusammenfassung 

Wasserknappheit und Ernährungsunsicherheit stellen globale Herausforderungen dar, welche 

durch Bevölkerungswachstum, schnelle Urbanisierung, sozioökonomische Entwicklungen, 

veränderte Konsummuster, ineffiziente Ressourcennutzung und Auswirkungen des 

Klimawandels verursacht werden. Die Landwirtschaft, der größte Nutzer von Süßwasser- und 

Landressourcen, ist aufgrund der abnehmenden Verfügbarkeit sowohl blauer als auch grüner 

Wasserressourcen mit Einschränkungen konfrontiert, was insbesondere in vielen Regionen 

Afrikas zu Nahrungsmittelknappheit und erhöhter Anfälligkeit für Produktionsausfälle führt. 

Jüngste Trends in Afrika zeigen eine Ausweitung sowohl der regenabhängigen als auch der 

bewässerten Ackerflächen. Insbesondere in Feuchtgebieten trockener Regionen können 

solche Landnutzungsstrategien Ökosysteme und Biodiversität beeinträchtigen, und die 

Konkurrenz um knappe blaue Wasserressourcen verschärfen. Die vorliegende Arbeit 

unterstreicht die dringende Notwendigkeit für landwirtschaftliche Intensivierung in Form einer 

Steigerung der Produktivität auf bestehenden Ackerflächen. 

Ziel dieser Forschung ist es, das Potenzial zur Steigerung der Ernteerträge bei gleichzeitiger 

Schonung der Wasser- und Landressourcen in verschiedenen Agrarsystemen in Ägypten, 

Sudan, Äthiopien und Tansania zu identifizieren und zu quantifizieren. Darüber hinaus soll 

diese Forschung Einblicke in die Auswirkungen möglicher Verbesserungen der 

Wassernutzung auf die künftige Anbauintensivierung und den damit verbundenen Bedarf an 

Wasser- und Landressourcen liefern. Um diese multidisziplinären Ziele in solchen datenarmen 

Regionen zu erreichen, wurden neuartige methodische Ansätze entwickelt, welche frei 

zugängliche Fernerkundungsdatensätze und Sekundärdaten integrieren, um die Landnutzung 

und Landbedeckung, sowie Niederschlag, tatsächliche und potenzielle Evapotranspiration 

und Ernteerträge in verschiedenen landwirtschaftliche Systeme abzuschätzen. 

Die vorliegende Dissertation konnte zeigen, das die übertragbaren methodischen Ansätze 

detaillierte Einblicke in die Leistung landwirtschaftlicher Systeme bieten. Hierfür wurden 

Leistungsindikatoren wie Wassernutzungseffizienz und das Verhältnis von Transpiration zu 

tatsächlicher Evapotranspiration herangezogen um mit angemessener räumlicher und 

zeitlicher Auflösung die Wasser- und Landproduktivität in verschiedenen Regionen, bei 

unterschiedlicher Landnutzung und auf unterschiedlichen Skalenebenen zu berechnen und 

deren Variabilitäten zu bestimmen. Das verbesserte Verständnis des aktuellen 

Leistungsstatus ermöglicht somit die Erkennung und Quantifizierung möglicher 

Verbesserungen in der Wassernutzung. Diese erwiesen sich als wertvoll, um plausible 

Szenarien für die zukünftige Intensivierung des Anbaus und den damit verbundenen 

Wasserbedarf zu entwickeln. Darüber hinaus haben die durchgeführten Analysen spezifische 

Interventionen identifiziert, die zur Steigerung der Produktionseffizienz und zur Schonung der 

Wasser- und Landressourcen in den untersuchten Regionen erforderlich sind. 

Die dargelegten Ergebnisse unterstreichen das erhebliche Potenzial für eine Intensivierung 

des Anbaus in allen Untersuchungsregionen, mit tiefgreifenden Auswirkungen auf die Wasser- 

und Ernährungssicherheit sowie auf die nachhaltige Entwicklung der Wasser- und 

Landressourcen. Diese Erkenntnisse dienen als zentrale Ansatzpunkte für richtungsweisende 

Interventionen und zielgerichtete Investitionen zur Verbesserung der Pflanzenproduktion bei 

gleichzeitiger Schonung der Wasser- und Landressourcen. Die Erkenntnisse können somit 

als Entscheidungshilfe dienen, um die Nachhaltigkeit in der Landwirtschaft zu fördern.
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1. General introduction 

1.1. Background 

The current state of water scarcity and food insecurity remains a critical global concern. About 

30% of the world’s population live under moderate and severe levels of food insecurity (FAO, 

IFAD, UNICEF, WFP & WHO, 2023), while 65% experience conditions of severe water 

scarcity for at least one month of the year (Mekonnen and Hoekstra, 2016). The deteriorating 

trend in water scarcity and food insecurity is expected to continue in the future, driven by 

population growth, rapid urbanization, socio-economic developments, changing consumption 

patterns, inefficient resource use, and the impacts of climate change (United Nations, 2023a). 

Freshwater constitutes about 2.5% of the planet's total water. However, because almost all of 

this water is stored in glaciers, ice caps, and deep groundwater, only about 0.3% of the total 

freshwater is readily accessible for human consumption (Shiklamonov, 1993). Precipitation is 

the main source of freshwater on land, which subsequently contributes to form either “blue” or 

“green” water resources (Falkenmark, 2003). “Blue” water refers to surface water found in 

lakes, rivers, and aquifers; it represents about 35% of the precipitation over land, and it is 

directly available for human use. In contrast, “green” water constitutes about 65% of the 

precipitation water, and it is stored as moisture in soil’s root zone; while being vital for plant 

growth, it is typically not considered being directly available for human consumption 

(Falkenmark and Rockström, 2010, 2006). 

Blue water predominantly supports irrigated agriculture, while crop production under rainfed 

practices depends mainly on green water. Globally, irrigated agriculture accounts for about 

70% of total blue (freshwater) withdrawals, and it is mainly used for crop production (Rost et 

al., 2008). On the other hand, crop production under rainfed conditions uses about 60% of the 

world's total utilizable green water resources (Schyns et al., 2019). Green water contributes 

87% of the global water use in croplands, while the remaining portion of 13% sustains irrigated 

agriculture and is supplied by blue water sources (Liu and Yang, 2010). 

Agriculture is not only the main user of global freshwater resources, but agricultural activities 

also occupy a major share of the terrestrial land area. Thus, crop-related activities are found 

on 38% of the global land surface, of which about one-third being occupied by cropland and 

two-thirds being used as permanent meadows and pastures for livestock grazing (FAO, 

2023a). Among the cropland area, 80% is rainfed and only 20% is irrigated, however, the 

irrigated land area contributes 40% to total food produced worldwide (FAO, 2022). 
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As agriculture accounts for the largest share of freshwater being used globally, the scarcity of 

blue or green water resources will directly hamper crop production, a situation that is further 

aggravated by climate and land use change processes (Dinar et al., 2019; Huang et al., 2019). 

Water scarcity can consequently induce reductions in agricultural land productivity, shortages 

in food supply, surges in food prices, and thereby increasing vulnerability among populations, 

particularly in developing regions of Africa where agricultural productivity must improve to 

sustain livelihoods (Fitton et al., 2019; Jayne and Sanchez, 2021). 

About 90% or African cropland is comprised of rainfed areas, located in sub-Saharan Africa, 

while on 10% of cropland is irrigated, mostly located in the Nile region (Xiong et al., 2017a). 

In response to the rapid population growth and associated increasing demands for food in 

Africa (Hall et al., 2017), major recent change trends comprise expansions of both rainfed and 

irrigated cropland areas (Brink and Eva, 2009; Potapov et al., 2022). However, such strategies 

of agricultural extensification can be problematic. 

On the one hand, cropland expansion in sub-Saharan Africa implies the conversion of natural 

vegetation into cropland, mainly in the amply-available floodplain wetlands of the continent 

with high potential for crop production (Rebelo et al., 2010). These conversions, and 

associated disturbances of wetland ecosystems by anthropogenic interventions (Beuel et al., 

2016), adversely impact wetland biodiversity and the provision of ecosystem services 

(Mandishona and Knight, 2022) and raise concerns for wetland conservation policy 

adjustments (Langensiepen et al., 2023). In addition, wetland conversion can alter both the 

timing and the magnitude of water fluxes (Sterling et al., 2013), potentially intensifying extreme 

submergence and drought events and ultimately endangering crop cultivation and food 

security. On the other hand, investments in irrigation infrastructure to expand irrigated 

cropland entails an increased use of already-scarce blue water resources. In certain regions 

such as the Nile Basin, expanding irrigated cropland would exacerbate the competition for 

blue water of the Nile River, potentially intensifying water conflicts among sectors and nations 

that rely on the river’s water (Elsayed et al., 2022a). 

Given the multiple concerns of both irrigated and rainfed land use intensification approaches, 

recently advocated strategies to improve food security prioritize enhancing the productivity of 

food production systems on existing croplands, commonly referred to as sustainable 

intensification, although the definition of the concept is debated (Godfray, 2015; Petersen and 

Snapp, 2015). In a broad sense, agricultural intensification implies increasing agricultural 

output per unit of input, while minimizing potential detrimental impacts (Godfray and Garnett, 

2014; Pretty and Bharucha, 2014). This definition excludes land expansion and focusses on 

improving the use efficiency of existing agricultural land and water resources. Sustainable 
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intensification can be assessed by efficiency indicators that relate the output generated or the 

crop yield to units of input resource such as land or water (Cassman and Grassini, 2020). 

Land productivity (weight of harvested crop per unit of land area harvested), water productivity 

(weigh of harvested crop per unit of water consumed), or its inverse water footprint (the total 

volume of freshwater used to produce crops) are recommended indicators to assess the 

sustainability of cropland  uses (Hoekstra et al., 2011; Molden et al., 2003). With water being 

the major input resource in both irrigated and rainfed crop production systems, assessing the 

potential for sustainable intensification should thus be coupled with analyses of water 

availability. Such coupled investigation may not only help identifying areas with the potential 

to improve production efficiency in irrigated areas (i.e., increased crop yield and conserved 

water resources), it may also help detecting areas with the potential to increase crop 

production in low intensity systems based on available water resources in rainfed areas. 

Quantifying the potential for such improvements will permit constructing plausible future 

scenarios of agricultural intensification and associated water and land requirements. Crucial 

for achieving this goal is a detailed spatial and temporal monitoring of agricultural systems and 

water availability. However, in-situ data are extremely scarce on the African continent, and 

available data do not suffice to explain prevailing spatial and temporal variations. 

Recent developments in satellites and remote sensing techniques permit to accurately monitor 

agricultural systems (Fritz et al., 2019). A number of the satellite-based agricultural monitoring 

missions exist, which are operational, open-access through public-domain sources, and 

available for Africa (Nakalembe et al., 2021). Some of the common agricultural and 

meteorological parameters being monitored include actual and potential evapotranspiration, 

transpiration, precipitation, crop yield, biomass, and land use and land cover (Weiss et al., 

2020). As a result, we can comprehensively investigate performance efficiency indicators such 

as land and water productivities as well as water availability patterns with an adequate spatial 

and temporal resolution over African cropland. 

To this end, this research addresses the aforementioned challenges in case studies in East 

and North Africa, where such research is scarce despite the pressing demand for knowledge: 

1) The Kilombero Valley in Tanzania, representing crop production in floodplain wetlands 

under rainfed conditions using green water; 

2) The Nile Delta, depicting irrigated agriculture using blue water from the local to the national 

level in Egypt; and 

3) The Eastern Nile countries (Egypt, Sudan, and Ethiopia), portraying irrigated and rainfed 

practices using both blue and green water resources in a transboundary context. 
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1.2. Research hypotheses and objectives 

The potential of improving African crop production systems must be investigated in a 

quantitative manner that consider spatial-temporal dimensions. Moreover, quantifying 

potential improvements can help construct plausible future scenarios of crop intensification 

and project associated water and land requirements. This approach will also highlight 

geographical areas with high or low performance, thus enabling the pinpointing of areas and 

opportunities to enhance production efficiency and to conserve water and land resources in 

the future. Consequently, it is surmised that: 

i. Open-access remote sensing datasets can support improving investigations on 

agricultural systems in data-scarce regions. 

ii. A comprehensive spatial-temporal investigation of crop production systems will 

enable understanding the current performance status and detecting potential 

improvements. 

iii. Quantifying potential improvements in crop production and water use systems can 

help construct plausible future scenarios of crop intensification and associated 

water and land requirements. 

iv. The spatial-temporal analysis will permit pinpointing interventions to enhance 

production efficiency and to conserve water and land resources. 

The overarching aim of this study was to use remote sensing data to detect opportunities to 

increase crop yield and conserve water and land resources across selected case studies of 

African cropland. Furthermore, the study aimed to provide insights into the implications of such 

improvements for future crop intensification and associated water and land demand. To test 

the above hypotheses, the following objectives were addressed: 

i. Providing novel methodological approaches based on entirely open-access 

datasets to analyze agricultural systems in parts of East and North Africa. 

ii. Exploring the potential of dry season cultivation using prevailing green water in the 

Kilombero floodplain wetland in Tanzania. 

iii. Analyzing the potential improvements in crop production under irrigation practices 

in the Nile Delta in Egypt and implications for future water and land demands. 

iv. Assessing the current performance of cropland in the Eastern Nile countries 

(Egypt, Sudan, and Ethiopia) and exploring future scenarios towards sustaining 

production in a transboundary context.
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1.3. Thesis outline 

This doctoral thesis is conceived as a cumulative thesis and consists of six chapters. 

Chapter 1 ­ General introduction: this chapter provides a background on the topic as well as 

the research hypotheses and objectives. 

Chapter 2 ­ General material and methods: this chapter explains the general material and 

methods used in this research. 

Chapters 3, 4, and 5: these chapters represent empirical research findings from the three case 

studies based on journal articles published in international peer-reviewed journals. These 

articles were formatted to fit the style of this thesis. 

Chapter 3 ­ The Kilombero Valley Floodplain in Tanzania: this chapter represents the case 

study of the Kilombero Valley Floodplain in Tanzania addressing the potential of maximizing 

crop production using available green water in floodplain wetlands. 

Corresponding publication: Ayyad, S., Karimi, P., Langensiepen, M., Ribbe, L., Rebelo, L.-M., 

Becker, M., 2022. Remote sensing assessment of available green water to increase crop 

production in seasonal floodplain wetlands of sub-Saharan Africa. Agricultural Water 

Management. https://doi.org/10.1016/j.agwat.2022.107712 

Chapter 4 ­ The Nile Delta in Egypt: this chapter depicts the case study of the Nile Delta in 

Egypt investigating the potential for improved production efficiency using blue water and future 

implications for water and land requirements at the national level. 

Corresponding publication: Ayyad, S., Karimi, P., Ribbe, L., Becker, M., 2024. Potential 

improvements in crop production in Egypt and implications for future water and land demand.  

International Journal of Plant Production. https://doi.org/10.1007/s42106-024-00301-7 

Chapter 5 ­ The Eastern Nile countries (Egypt, Sudan, and Ethiopia): this chapter represents 

the case study of the Eastern Nile countries analyzing the potential of sustaining future crop 

production using blue and green water and the associated demands for water and land in a 

transboundary context. 

Corresponding publication: Ayyad, S., Khalifa, M., 2021. Will the Eastern Nile countries be 

able to sustain their crop production by 2050? An outlook from water and land perspectives. 

Science of the Total Environment. https://doi.org/10.1016/j.scitotenv.2021.145769 

Chapter 6 ­ General discussion and conclusions: this chapter provides general discussion on 

the findings of this thesis as well as outlooks and general recommendations.



  

 



Chapter 2                                                                                        General material and methods                                                                                                  
 

7 

2. General material and methods 

This research addresses issues of a multidisciplinary nature in data-scarce regions of Africa. 

Thus, there was a need to use and integrate several datasets of different types, as well as to 

develop novel methodological approaches to derive plausible results using these datasets, 

while addressing associated uncertainties and limitations. 

A primary type of dataset used in this study is gridded remote sensing products based on 

satellite observations. This type of data can significantly assist in conducting the spatial-

temporal investigation required to achieve the study objectives. A plethora of remote sensing 

approaches exist to estimate the parameters under investigation, e.g., crop yield, actual 

evapotranspiration, land cover, precipitation, among others, with different performance quality 

and accuracy (Blatchford et al., 2019; Karimi and Bastiaanssen, 2015). As a result, numerous 

remote sensing products are available with various spatial and temporal resolutions and time 

and geographical coverages. Table 2.1 summarizes the remote sensing datasets used in this 

study. These datasets were selected based on the following criteria: 

• Free accessibility through web-based public-domain sources to foster knowledge 

democratization and to empower researchers, decision-makers, and communities to 

verify findings, reproduce results, and address pressing agricultural challenges. 

• Having adequate spatial and temporal resolutions and coverages to serve the purpose 

of the study. 

• The performance quality of the product over the specific study area. 

• To the possible extent, the continuity of missions providing these datasets to allow for 

replication and operationalization. 

To ensure adequate performance quality of used remote sensing products in the absence of 

ground-truth data over the region under investigation, the selected products were evaluated 

through (i) their reported performance in relevant literature covering the study region, or (ii) 

cross comparison of products against reference datasets before use. In order to reduce 

uncertainties associated with systematic over- or underestimates of certain products, some 

techniques were adopted such as relying on relative than absolute values and merging one 

product with another. All used remote sensing datasets were processed in the ArcGIS 10.7 

software (ESRI, 2019). 

Another type of secondary datasets used was the national statistics. This type of data is 

typically provided as time series including population and crop statistics such as crop yield, 

harvested area, and production at the national scale. Time series of population and crop 
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statistics required to assess crop production and consumption patterns as well as to construct 

scenarios of future water and land requirements are available for almost all countries and 

territories in the globe (FAOSTAT, 2023; United Nations, 2023b). Additionally, some countries 

including Egypt, Sudan, and Ethiopia have their own national statistics agencies and these 

were also used in this study (CAPMAS, 2023; CBS, 2020; CSA, 2020). Further secondary 

data required for parts of the analysis were obtained from literature, e.g., the water footprint 

values for crops (Mekonnen and Hoekstra, 2011a). 

Table 2.1. Remote sensing datasets used in this study. The original sources of these datasets can be 

found in the corresponding chapters where the product was used as indicated in the table. 

Dataset Product 

name 

Spatial and 

temporal resolution 

Time 

coverage 

Chapter 

Land cover ESA-CCI 300 m; Annual 1992–present 3 & 5 

Land cover MCD12Q1 500 m; Annual 2001–present 3 & 5 

Land cover WaPOR 250 m; Annual 2009–present 3 & 5 

Land cover CGLS-LC 100 m; Annual 2015–2019 3 

Land cover GFSAD 30 m; Annual 2015 3 

Land cover ESA-CCI-S2 20 m; Annual 2016 3 

Land cover/crop type WaPOR 30 m; 10-day 2009–present 4 

Potential evapotranspiration MOD16A2GF 500 m; 8-day 2001–present 3 

Actual evapotranspiration MOD16A2GF 500 m; 8-day 2001–present 3 

Actual evapotranspiration WaPOR 250 m; 10-day 2009–present 3 

Actual evapotranspiration SSEBop 1 km; 10-day 2012–present 3 & 5 

Actual evapotranspiration WaPOR 30 m; 10-day 2009–present 4 

Transpiration WaPOR 30 m; 10-day 2009–present 4 

Crop yield WaPOR 30 m; 10-day 2009–present 4 

Crop water productivity WaPOR 30 m; 10-day 2009–present 4 

Precipitation CHIRPS 5 km; Annual 1981–present 5 

Net primary productivity MOD17A3 500 m; Annual 2000–present 5 

Normalized difference 

vegetation index 

MOD13Q1 250 m; 16-day 2000–present 3 

As the aim was to detect potential improvements in crop production over cropland, the 

developed methodological approaches included spatial analyses of remote sensing datasets 

and statistical analyses of time series generated from these datasets. In these approaches, 

the first step was to detect the cropland extent using available land cover products, followed 

by spatial analyses of other parameters over the detected cropland. Statistical analyses of 

time series were conducted to quantify certain parameters and analyze patterns indicating the 

opportunities for crop intensification. In the case studies with national focus, i.e., Chapters 4 

and 5, analyses of time series included crop consumption and production patterns to project 

future demand of water and land resources to sustain crop production. 
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3. The Kilombero Valley Floodplain in Tanzania 

This chapter is published as: 

Ayyad, S., Karimi, P., Langensiepen, M., Ribbe, L., Rebelo, L.-M., Becker, M., 2022. Remote 

sensing assessment of available green water to increase crop production in seasonal 

floodplain wetlands of sub-Saharan Africa. Agricultural Water Management 269, 107712. 

https://doi.org/10.1016/j.agwat.2022.107712 

Abstract 

Producing more food for a growing population requires sustainable crop intensification and 

diversification, particularly in high-potential areas such as the seasonal floodplain wetlands of 

sub-Saharan Africa (SSA). With emerging water shortages and concerns for conserving these 

multi-functional wetlands, a further expansion of the cropland area must be avoided as it would 

entail increased use of blue water for irrigation and infringe on valuable protected areas. We 

advocate an efficient use of the prevailing green water on the existing cropland areas, where 

small-scale farmers grow a single crop of rainfed lowland rice during the wet season. However, 

soil moisture at the onset of the rains (pre-rice niche) and residual soil moisture after rice 

harvest (post-rice niche) may suffice to cultivate short-cycled crops. We developed a 

methodological approach to analyze the potential for green water cultivation in the pre- and 

post-rice niches in the Kilombero Valley Floodplain in Tanzania, as a representative case for 

seasonal floodplain wetlands in SSA. The three-step approach used open-access remote 

sensing datasets to: (i) extract cropland areas; (ii) analyze soil moisture conditions using 

evaporative stress indices to identify the pre- and post-rice niches; and (iii) quantify the green 

water availability in the identified niches through actual evapotranspiration (AET). 

We identified distinct patterns of green water being available both before and after the rice-

growing period. Based on the analyses of evaporative stress indices, the pre-rice niche tends 

to be longer (~70 days with average AET of 20–40 mm/10-day) but also more variable (inter-

annual variability >30%) than the post-rice niche (~65 days with average AET of 10–30 

mm/10-day, inter-annual variability <15%). These findings show the large potential for 

cultivating short-cycled crops beyond the rice-growing period, such as green manure, 

vegetables, maize, and forage legumes, by shifting a portion of the nonproductive AET flows 

(i.e., soil evaporation) to productive flows in form of crop transpiration. A cropland area of 

1,452 to 1,637 km2 (53–60% of the total cropland area identified of 2,730 km2) could be 

cultivated using available green water in the dry season, which shows the significance of such 

change for food security, livelihoods, and resilience of the agricultural community in Kilombero. 
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A wider application of the developed approach in this study can help identifying opportunities 

and guiding interventions and investments towards establishing sustainable intensification and 

diversification practices in floodplain wetlands in SSA. 

3.1. Introduction 

Population growth and economic development are resulting in increasing exploitation of water 

and land resources to produce more agricultural commodities, a challenge that is aggravating 

with climate change (Foley et al., 2011). There is an increasing trend in sub-Saharan Africa 

(SSA) of converting (semi-) natural vegetative land covers into cropland (Brink and Eva, 2009). 

This conversion alters the timing and the magnitude of hydrological fluxes (Sterling et al., 

2013) and, together with climate change and variability (Kotir, 2011), may intensify extreme 

flooding and drought events. Thus, agriculture, the predominant form of livelihood in SSA, 

could be severely harmed by further declining the already-low crop yields (van Ittersum et al., 

2016). With growing concerns for nature conservation, sustaining ecosystem services, and 

loss of irrecoverable carbon (MEA, 2005; Noon et al., 2021), the further conversion of natural 

ecosystems and vegetation covers for agricultural production must be restricted. At the same 

time, the alarming status of food insecurity and deteriorating livelihoods in SSA necessitates 

the need for more adequate food production systems (Sasson, 2012), adopting resilient 

strategies for sustainable intensification (Rockström et al., 2017) and diversification (Kremen 

et al., 2012) to increase food production with minimal impacts on the environment. In Africa, 

such strategies demonstrated substantial potential for sustaining future crop production 

(Ayyad and Khalifa, 2021), reducing the agricultural carbon footprint (Kuyah et al., 2021), and 

for achieving food security and improving livelihoods (Vanlauwe et al., 2014; Waha et al., 

2018). 

Besides providing valuable ecosystem services and being hotspots of biodiversity (McCartney 

et al., 2010), wetlands in SSA play a vital role in supporting peoples’ livelihoods (Wood et al., 

2013) and economic developments (Schuyt, 2005). On the other hand, indiscriminate 

conversion of wetlands to sites of production potentially leads to their ultimate destruction 

(Beuel et al., 2016), a trend that is likely to be exacerbated by climate change (Mitchell, 2013). 

This paper focuses on seasonal wetlands, located within relatively large floodplains with 

seasonal soil submergence by riverbank overflowing and, to a lesser extent, by lateral runoff 

from adjacent slopes (Sakané et al., 2011). Such floodplain wetlands cover an estimated area 

of 692,631 km2, and are thus an enormous and largely untapped resource for future food 

production (Rebelo et al., 2010). In these wetlands, farmers typically grow one single crop of 

rainfed lowland rice during the wet/rainy season (GRiSP, 2013). Before and after the wet 
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season, farming activities are limited by water availability and variability, and cropland areas 

are often left to fallow for the rest of the year (Balasubramanian et al., 2007). Whenever 

affordable, farmers strive to adopt irrigation by using blue water resources (water in rivers, 

lakes, and aquifers), thus ensuring a year-round water supply for continuous crop cultivation. 

However, irrigation is often restricted by physical and economic realities in SSA, e.g., long 

distances between fields and rivers (Rockström and Falkenmark, 2015), high initial 

investments costs (Inocencio et al., 2007), and the lack of access to appropriate irrigation 

technologies and improved agricultural inputs as well as to reliable markets and research 

support (Nakawuka et al., 2018), contributing to the typical failure of large irrigation projects to 

deliver promised benefits (Higginbottom et al., 2021). Nevertheless, there are numerous other 

opportunities to maintain the soil moisture at productive levels by increasing (i) water storage, 

e.g., through rainwater harvesting technologies (Biazin et al., 2012) and (ii) irrigation 

technologies, such as motor pumps, communal river diversion, and small reservoirs (Xie et 

al., 2014). 

Precipitation is the source of freshwater, which can take two forms; blue water or green water 

(Falkenmark and Rockström, 2006). Herein, green water refers to the plant-available water 

stored in the root zone as a result of natural processes without human intervention, i.e., 

precipitation, natural drainage, and floodwater (Karimi et al., 2013). While blue water solutions 

are primarily needed for urban, industrial, and energy developments and require large 

investments, better management of the more decentralized, highly adaptable, and low capital-

demanding green water solutions can immensely contribute to improving rainfed agricultural 

systems and thereby food security in SSA (Keys and Falkenmark, 2018). However, little is 

known about green water availability and variability and hence its potential for diversifying and 

intensifying the existing crop portfolio in floodplain wetlands in SSA. 

This research analyzes opportunities for sustainably intensifying and diversifying crop 

production systems in the Kilombero Valley Floodplain in Tanzania (hereafter referred to as 

“Kilombero”), which is representative for many other seasonal floodplain wetlands in SSA 

(Rebelo et al., 2010). The conversion of floodplain wetlands into cropland reportedly altered 

the water balance components on the sub-basin scale (Näschen et al., 2018) and increased 

the frequency, durations, severity, and intensity of drought events in Kilombero (Wambura and 

Dietrich, 2020). With water availability and variability widely limiting crop production in 

Kilombero, farmers may adapt their cropping calendars and establish community-based 

irrigation schemes (only about 1% of the total rice area is irrigated) (Höllermann et al., 2021). 

Thus, cropping strategies should be designed to adapt to the complex dynamic of seasonal 

water availability. 
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We explored the potential of using green water stored in the soil profile for cultivating additional 

crops before the rice establishment (pre-rice niche) and after the rice harvest (post-rice niche). 

The former practice exploits early-season rainfall events that do not suffice for soil flooding 

and puddling, and the transplanting of rice, to grow short-cycled green manure and food crops 

(Senthilkumar et al., 2018). The latter practice is known as flood recession cropping, where 

residual soil moisture is used for growing crops after the harvest of rice when seasonal 

inundation recedes (Sidibe et al., 2016). The durations and locations of these cropping niches 

depend to a large extent on the onset, intensity, and duration of the early-season rains (pre-

rice niche) and the amount and duration of available residual soil moisture (post-rice niche). 

To our knowledge, no studies are available assessing this green water availability and its 

variability in seasonal floodplain wetlands in SSA. Thus, we investigated the spatial-temporal 

availability and variability of green water beyond the wet season in view of designing and 

targeting crop diversification and intensification strategies with a special focus on the potential 

cropping niches before and after wetland rice cultivation. 

Numerous relative and absolute indicators for the availability of green water exist (Schyns et 

al., 2015). In absolute terms, green water availability is defined as the available soil moisture 

for vapor flows and is quantified by means of the actual evapotranspiration (AET) (Rockström 

et al., 2009), while in relative terms, green water availability is expressed by soil moisture 

conditions at a given location relative to a normal (average) condition (Schyns et al., 2015). In 

this paper, AET refers to the total vapor flux to the atmosphere as evaporation from 

interception, transpiration, and soil evaporation. In-situ point-based measurements of AET and 

soil moisture are scarce across SSA and, where available, cannot fully explain the spatial 

variation over larger areas or the temporal variation between seasons and years. In contrast 

to the highly data-demanding hydrological models (Zhao et al., 2013), satellite-based 

observations — commonly referred to as remote sensing gridded products — provide derived 

information on AET and soil moisture at various spatial and temporal scales. However, the 

currently-operationalized soil moisture products with long temporal coverage have rather 

coarse spatial resolutions of 25–50 km (Peng et al., 2021), limiting their applicability to smaller 

scales of cropland areas such as smallholder rice farms. Moreover, the performance quality 

of different AET products varies by regions (Weerasinghe et al., 2020). Thus, there is a need 

for alternative approaches for estimating soil moisture conditions and green water availability 

at high spatial and temporal resolutions. 

Our overarching goal was to develop a remote sensing approach to analyze patterns of green 

water availability and to identify the potential for dry season cultivation in seasonal floodplain 

wetlands, using Kilombero as a case study. Our methodological approach includes three 
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objectives: (i) delineation of cropland areas; (ii) analyzing the dynamics of intra-annual soil 

moisture conditions across extracted cropland areas for a long time series and, thereby, 

identifying the pre- and post-rice niches; and (iii) quantifying and mapping AET in cropland 

areas with particular focus on the two so far unexploited cropping niches. This approach 

serves as a starting point towards exploring possible strategies for dry season cultivation in 

floodplain wetlands in and beyond Kilombero based on extensive spatial and temporal 

coverage provided by relevant remote sensing datasets. The outputs of these objectives can 

advance our understanding of the prospects of realizing the agricultural potential, improving 

the livelihoods of farming communities, and ultimately for achieving multiple sustainable 

development goals in seasonal floodplain wetlands of SSA. 

3.2. Materials and methods 

3.2.1. Kilombero wetland 

The Kilombero Basin is located in south-central Tanzania, covering about 40,000 km2 and 

contributing 62% of the annual runoff of the Rufiji River Basin (Wilson et al., 2017) (Fig. 3.1a). 

The basin has a tropical climate, with distinct dry (June–October), short (November–January), 

and long (March–May) rainy seasons (Koutsouris et al., 2016). The monthly average 

temperatures, precipitation, and solar radiation reflecting the seasonality in the basin are 

presented in Fig. 3.1b. 

Covering an area of approx. 8,000 km2, Kilombero floodplain is the largest lowland seasonal 

floodplain wetland in East Africa (Wilson et al., 2017). The unique ecological features and 

biodiversity have led to designating it as a Ramsar site in 2002 (Mombo et al., 2011). The 

ecosystem services supported by Kilombero floodplain, and in particular the provisioning 

services (Koko et al., 2020), are vital to the livelihoods of local communities (Rebelo et al., 

2010). Rainfed lowland rice cultivation dominates the local activities during the rainy season 

(Gebrekidan et al., 2020), making Kilombero one of the largest rice-growing areas in East 

Africa that supplies 9% of Tanzania’s national rice production (Kato, 2007). As a result of the 

intensifying human interventions, driven by population growth and the growing market demand 

and price incentives for agricultural products, a trend of converting natural vegetative land 

covers into rice cropland was observed in Kilombero, primarily to increase rice crop production 

and thus improving livelihoods (Kirimi et al., 2018; Msofe et al., 2019; Munishi and Jewitt, 

2019; Thonfeld et al., 2020a, 2020b). Such land cover change represents a threat to the 

biodiversity (Seki et al., 2018) and the biophysical system of Kilombero (Muro et al., 2018). In 

addition, it can alter the inflow of several tributaries and the maintenance of environmental 

flow (Wilson et al., 2017), which are essential to sustain the ecosystem and the human 
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livelihoods that are dependent on these ecosystems (Leemhuis et al., 2017). Yet, there is an 

enormous and largely untapped potential to increase rice production by closing the yield gaps 

on existing croplands in Kilombero without expanding the cropped area (Kwesiga et al., 

2020a). 

 

Fig. 3.1. a) Location map of the Kilombero Valley Floodplain. National boundary: 

https://www.naturalearthdata.com/, Rivers: http://landscapeportal.org/, Rufiji Basin: 

https://datacatalog.worldbank.org/, Kilombero Basin (delineated using the SRTM elevation: 

https://srtm.csi.cgiar.org/srtmdata/), Kilombero Ramsar boundary: https://www.protectedplanet.net/en, 

Cropland areas within Kilombero floodplain: FAO (2019). b) Average monthly precipitation, 

temperatures, and solar radiation over the Kilombero Basin for the period 1970–2000 (Fick and 

Hijmans, 2017). 

https://www.naturalearthdata.com/
http://landscapeportal.org/
https://datacatalog.worldbank.org/
https://srtm.csi.cgiar.org/srtmdata/
https://www.protectedplanet.net/en
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3.2.2. Methodological approach 

We investigated the potential of exploiting available green water resources to support dry 

season crop cultivation (Fig. 3.2). The proposed remote sensing-based approach comprises 

three steps: (i) evaluating multiple land cover datasets and identifying a reliable dataset to 

delineate the extent of croplands in Kilombero; (ii) estimating soil moisture stress and its 

variability by using the ratio of actual (AET) to potential evapotranspiration (PET); (iii) 

quantifying the green water availability by means of AET. The first step served as a basis for 

subsequent analyses because of the commonly-known disparities among land cover datasets 

in detecting the cropland extent (Pérez-Hoyos et al., 2017). 

 

Fig. 3.2. The proposed methodological approach applied for assessing the green water availability and 

variability to support dry season cultivation in seasonal floodplain wetlands of sub-Saharan Africa. ESI: 

evaporative stress index, RES: relative evaporative stress, AET: actual evapotranspiration, PET: 

potential evapotranspiration, and NDVI: normalized difference vegetation index. 
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The second step assumes that AET under actual soil moisture conditions can reach an upper 

limit of PET, the latter represents the atmospheric evaporative demand when the soil water 

supply is unlimited (Xiang et al., 2020). This step is aimed at detecting the inter- and intra-

annual soil moisture stress for long time series, in view of identifying the spatial and temporal 

boundaries of potential pre- and post-rice cropping niches. In addition, calculating the inter-

annual variability of soil moisture stress permitted for understanding the risks and opportunities 

associated with different locations and periods during the identified niches. In the third step, 

we quantified green water for short timesteps (10-day) within the identified niches as well as 

for the full length of both niches. The periods and data mentioned in Fig. 3.2 were those used 

in the present study. 

3.2.3. Gridded datasets 

To achieve the study objectives in such a data-scarce region, we used open-access gridded 

datasets and GIS techniques, which are seen to be useful to monitor and manage wetlands 

effectively (MacKay et al., 2009; Rebelo et al., 2009). Herein, we used multiple datasets to 

delineate the cropland extent and explore the spatial-temporal patterns of soil moisture stress 

and AET (Table 3.1). These products were selected specifically because of their substantial 

temporal and spatial coverages, their free accessibility through public-domain sources, and 

their missions still operating to date, allowing for the operationalization and use of these 

products in future research. The required datasets were downloaded and processed in the 

ArcGIS environment (ESRI, 2019). 

Table 3.1. Description of gridded datasets used in the present analysis (AET and PET refer to actual 

and potential evapotranspiration, respectively. NDVI refers to normalized difference vegetation index). 

Dataset Product Spatial and 

temporal 

resolution 

Downloading link 

Land cover ESA-CCI 300 m; Annual https://www.esa-landcover-cci.org/  

Land cover MCD12Q1 500 m; Annual https://lpdaac.usgs.gov/products/mcd12q1v006/ 

Land cover WaPOR 250 m; Annual https://wapor.apps.fao.org/home/WAPOR_2/1 

Land cover CGLS-LC 100 m; Annual https://land.copernicus.eu/global/products/lc 

Land cover GFSAD 30 m; only 2015 https://www.croplands.org/home 

Land cover ESA-CCI-S2 20 m; only 2016 http://2016africalandcover20m.esrin.esa.int/ 

AET & PET MOD16A2GF 500 m; 8-day https://lpdaac.usgs.gov/products/mod16a2gfv006/ 

AET WaPOR 250 m; 10-day https://wapor.apps.fao.org/home/WAPOR_2/1 

AET SSEBop 1000 m; 10-day https://earlywarning.usgs.gov/fews 

NDVI MOD13Q1 250 m; 16-day https://lpdaac.usgs.gov/products/mod13q1v006/ 

https://www.esa-landcover-cci.org/
https://lpdaac.usgs.gov/products/mcd12q1v006/
https://wapor.apps.fao.org/home/WAPOR_2/1
https://land.copernicus.eu/global/products/lc
https://www.croplands.org/home
http://2016africalandcover20m.esrin.esa.int/
https://lpdaac.usgs.gov/products/mod16a2gfv006/
https://wapor.apps.fao.org/home/WAPOR_2/1
https://earlywarning.usgs.gov/fews
https://lpdaac.usgs.gov/products/mod13q1v006/
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3.2.4. Land cover analysis 

Disparities have been reported and disagreements exist between different land cover datasets 

across Africa (Tsendbazar et al., 2015; Xu et al., 2019), especially when identifying cropland 

extents (Fritz et al., 2010; Nabil et al., 2020). Therefore, we compared four land cover 

datasets: (1) the European Space Agency Climate Change Initiative with 300 m spatial 

resolution (ESA-CCI; ESA, 2017); (2) the Terra and Aqua combined MODIS Land Cover 

dataset version 006 (500 m) (MCD12Q1; Friedl and Sulla-Menashe, 2019); (3) the FAO portal 

to monitor Water Productivity through Open-access of Remotely sensed derived data with a 

spatial resolution of 250 m (WaPORv2.1; FAO, 2018); and (4) the Copernicus Global Land 

Service Land Cover (CGLS-LC; Buchhorn et al., 2020) with a 100 m spatial resolution. 

Detailed information regarding the land cover classes of each product and their descriptions 

can be found in their cited references. Relevant classes were selected from each product to 

delineate the cropland extent (class numbers 10 and 20 from ESA-CCI, 12 and 14 from 

MCD12Q1, 41 and 42 from WaPOR, and 40 from CGLS-LC). After extracting the cropland 

classes from the four selected datasets across the rice cultivation area of Kilombero, we 

compared them with cropland layers extracted from another two land cover products with 

higher spatial resolutions, namely the Global Food Security Analysis-Support Data product 

(GFSAD; Xiong et al., 2017b) and the ESA-CCI-S2 prototype product, developed by the ESA-

CCI land cover team (Table 3.1). GFSAD (30 m) and ESA-CCI-S2 (20 m) offer global and 

African cropland extents for the years 2015 and 2016, respectively, and have shown fair 

accuracies of approximately 93% and 65%, respectively, in identifying cropland extents across 

Africa (Lesiv et al., 2017; Yadav and Congalton, 2018). The land cover comparison followed 

two steps: (1) the visual assessment, here we cross-compared the cropland extent from the 

four evaluated products and against the corresponding cropland extents from GFSAD and 

ESA-CCI-S2, and (2) comparing the absolute area of detected cropland, here we estimated 

the cropland area from the short-listed datasets from step (1) and compared them with the 

cropland area estimated from GFSAD and ESA-CCI-S2. Based on these steps, one land cover 

product was selected and used in the subsequent analyses of soil moisture and AET. 

3.2.5. Soil moisture conditions 

The hydrology of seasonal floodplain wetlands is complex and determined by multiple factors, 

including the distance to the river, groundwater levels, soil properties, atmospheric demands, 

river overbank flow, direct precipitation, groundwater discharge, and lateral flow from 

surrounding mountains (Burghof et al., 2018; Gabiri et al., 2018). Thus, we studied the spatial 

and temporal patterns of soil moisture stress resulting from different hydrological processes, 

without investigating its underlying factors and sources. Multiple agricultural drought indicators 
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are available, comparing the actual (AET) to the potential (PET) evapotranspiration as a proxy 

to estimate soil moisture conditions (Schyns et al., 2015). Among those, we selected the 

evaporative stress index (ESI), as it identifies areas with soil moisture stress based on the 

land surface dryness without requiring many meteorological inputs (Anderson et al., 2007). In 

fact, ESI is similar to other existing drought indicators (Schyns et al., 2015), namely the crop 

water stress index (Jackson et al., 1981), the water stress ratio (Narasimhan and Srinivasan, 

2005), and the evaporative drought index (Yao et al., 2010). ESI is calculated as: 

ESI = 1 − AET PET⁄       (3.1) 

ESI values vary between 0 and 1 and, according to Yao et al. (2010), they can be grouped as 

wet (ESI ≤0.2), normal (0.2< ESI ≤0.4), moderate (0.4< ESI ≤0.6), severe (0.6< ESI ≤0.8), and 

extreme dry soil moisture or drought (ESI >0.8). In the present study, ESI values of >0.7 were 

considered as the threshold for severe drought, indicating a level of water deficit hampering 

crop growth. The reason for shifting this threshold from 0.6 to 0.7 is that, ESI classification is 

based on its relationship with the 0–10 cm soil moisture (Yao et al., 2010), while crop roots 

can reach deeper soil profiles (until 50 cm depth) and therefore extracting more water for 

transpiration (Savenije, 2004) and hence having higher ESI values. 

To understand the soil moisture conditions in the relative sense, the relative evaporative stress 

(RES) index, following ESI, is proposed. RES is calculated as follows: 

RES =  CV (1 − AET PET⁄ )i × 100    (3.2) 

where (1 − AET PET⁄ )  is calculated for a long-term time series and can be calculated at 

various time steps (i) and CV is the coefficient of variation (calculated as the ratio of the 

standard deviation to the mean value). RES represents the degree of variation or stability in 

ESI time series (in %); the higher the RES (high variability), the less stable is the time series, 

and vice-versa. The index can be applied at various spatial and temporal scales. We used 

RES to detect the risks and opportunities associated with dry season cultivation. A RES value 

of 20%, for example, means that the ESI may deviate 20% from the long-term average ESI 

value, implying a high stability in the ESI time series in a specific location or pixel. Similarly, a 

50% RES value indicate that ESI value may disperse by half of the long-term average ESI 

value, suggesting a highly unstable situation. Therefore, we decided to calculate RES 

following four classes; RES <20%, 20%< RES <30%, 30%< RES <40%, and RES >40%. 

With our focus on the pre-and post-rice cropping niches, ESI and RES had to be calculated at 

the highest possible spatial and intra-annual temporal scales. Thus, we used the 

evapotranspiration remote sensing products of the Moderate Resolution Imaging 
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Spectroradiometer (MODIS; MOD16A2GF v006). The MOD16A2GF product compromises 

information on AET and PET based on the Penman-Monteith logic (Monteith, 1965) at 500 m 

spatial resolution and at 8-day timesteps. AET and PET were calculated over each cropland 

pixel and for each 8-day period throughout the year (46 [8-day] periods/year) for the entire 

available period of the products (2000–2019). We produced maps and time series of ESI and 

RES for each 8-day period (2000–2019). 

3.2.6. Green water availability 

As crop water requirements refer to the amount of water needed to meet the plants water 

losses (Brouwer and Heibloem, 1986), AET appears to be a suitable indicator to assess green 

water or soil moisture availability. Since measured values of AET only occur when/where there 

is water, AET can serve as a minimum threshold to soil water available for crop use. The inter-

annual AET was analyzed with particular focus on the identified pre-and post-rice cropping 

periods with soil moisture conditions sufficient for growing crops. Among several AET products 

available, we used two products with high spatial and temporal resolutions, namely WaPOR 

(250 m, 10-day) and SSEBop (1000 m, 10-day), developed based on the concepts of ETLook 

(Bastiaanssen et al., 2012; Pelgrum et al., 2010) and operational Simplified Surface Energy 

Balance (Senay et al., 2013), respectively. Both products were evaluated in several regions 

and climatic zones across Africa, showing high performance estimating AET, e.g., over the 

hyper arid agricultural areas of Egypt (Ayyad et al., 2019), the Volta River Basin (Dembélé et 

al., 2020), the Nile River Basin (McNamara et al., 2021), and at continental scale (Blatchford 

et al., 2020; Weerasinghe et al., 2020). 

We resampled the SSEBop product to the spatial resolution of WaPOR (250 m), using bilinear 

interpolation, and created an ensemble mean of their AET values for each pixel for the entire 

common period of the two products (2009–2020). The reason for creating this ensemble mean 

was because, despite their general good performance, WaPOR and SSEBop were reported 

to over- and under-estimate AET, respectively (McNamara et al., 2021; Weerasinghe et al., 

2020). Furthermore, creating this ensemble mean of such well-performing products with 

different constructing concepts can propagate potential uncertainties in the results and make 

them more realistic (Zhang et al., 2016). Actual evapotranspiration estimates of the ensemble 

mean product were tested by correlating them to values of an independent vegetation index—

the normalized difference vegetation index (NDVI). The latter has a strong correlation with 

AET and is commonly used to assess AET product performance. We used the NDVI product 

from MODIS (MOD13Q1 v006) with 250 m resolution and 16-day timestep (Didan, 2015). 

NDVI values below 0.1 correspond to non-vegetated surfaces (Gandhi et al., 2015) and were 

therefore masked out. Both the NDVI and AET ensemble mean products were compared on 
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monthly basis (2009–2020) and a linear regression (using R2) was applied to examine the 

correlation between the two datasets. 

In our analysis, we used the ensemble product to estimate and map AET for each 10-day 

period from 2009 to 2020 to understand and quantify the soil water availability across time and 

space over Kilombero. AET was calculated with intervals of 10 (mm/10-day) to simplify the 

visualization and interpretation of AET values, for instance, AET of 30-40 mm/10-day can 

easily be interpreted to approximately 3-4 mm/day. Furthermore, for the identified pre- and 

post-rice niches, we calculated the aggregated AET for the entire duration of both niches to 

quantify the total water availability of these niches. 

3.3. Results 

3.3.1. Land cover 

The land cover analysis revealed considerable disparities between products in capturing the 

extent of the cropland (Fig. 3.3). Compared to GFSAD and ESA-CCI-S2, the WaPOR and 

CGLS-LC products showed consistent agreement on the extent and spatial distribution of 

cropland (Fig. 3.3a–d). On the other hand, ESA-CCI partially miss-captured the extent of the 

cropland area (Fig. 3.3e), while nearly no cropland was identified in the selected layers from 

MCD12Q1 (Fig. 3.3f, marked in green), which classified cropland as savanna or grassland. 

Thus, MCD12Q1 and ESA-CCI were considered unsuitable to delineate cropland areas in 

Kilombero, which are nearly exclusively lowland rice. Cropland areas were also assessed for 

2015 and 2016, yielding comparable results for WaPOR (2,730 km2), CGLS-LC (2,320 km2), 

GFSAD (2,515 km2), and ESA-CCI-S2 (2,725 km2). The cropland area estimated by WaPOR 

was nearly identical to that of ESA-CCI-S2 and compared well with that of GFSAD. Thus, we 

considered WaPOR to be the most reliable product for delineating (rainfed rice) cropland areas 

in Kilombero. 

3.3.2. Soil moisture conditions 

Distinct temporal patterns of dry and wet seasons in Kilombero result in a strong seasonality 

of soil moisture availability for crops as determined by the evaporative stress index - ESI (Fig. 

3.4). ESI values of <0.2 indicate soil submergence, while values >0.7 indicate a level of water 

deficit hampering crop growth (Fig. 3.5). Wettest soil moisture conditions were detected during 

the main rainy season between late February and mid-May, also representing the lowland 

rice-growing period (Fig. 3.4 and 3.5). On the other hand, moderate soil moisture conditions 

that are potentially suitable for crop growth were observed during the pre-rice cropping niche 
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between early January and mid-March as well as in the post-rice cropping niche between mid-

May and late July. 

 

Fig. 3.3. Extent of the cropland area in Kilombero floodplain (Tanzania) as extract from a) ESA-CCI-S2 

(2016), b) GFSAD (2015), c) WaPOR (2015), d) CGLS-LC (2015), e) ESA-CCI (2015), and f) MCD12Q1 

(2015). Cropland layers from MCD12Q1 are presented by green pixels in panel f, with the background 

colors presenting savanna grassland. 

Crop cultivation without supplemental irrigation is not feasible between early-August to mid-

December as indicated by severe soil dryness (ESI >0.7). In consequence, potential niches 

for dry season crop cultivation occur (1) between mid-December and late February 

(approximately 70 days of soil moisture availability), representing the cropping niche before 

the transplanting of wetland rice in early March, and (2) between late May and late July 

(approximately 65 days of soil moisture availability), representing the cropping niche after the 

harvest of wetland rice in May. 

Besides these temporal patterns, the stress index also highlights distinct spatial patterns. By 

the end of the post-rice niche (from 20th to 27th of July), we detected a total area of 1,452 km2 

with ESI of <0.7, representing 53% of the total cropland area in Kilombero. Similarly, an area 

of 1,637 km2 (60% of cropland area) with ESI of <0.7 was detected at the beginning of the 

pre-rice niche (from 19th to 26th of July). The southern and eastern croplands showed generally 

drier soil conditions (i.e., higher ESI) than the northwestern croplands. In addition, the 
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northwestern fringe areas seemed to have less soil moisture stress than all other areas. The 

above-highlighted pre-rice and post-rice cropping niches are possibly longer and with more 

reliable soil moisture availability in the north-western cropland area as well as along the south-

eastern fringe of the floodplain. 

 

Fig. 3.4. Spatial distribution of evaporative stress index (ESI) long-term mean (2000–2019) at 8-day 

time steps across the cropland area of Kilombero floodplain in Tanzania. 
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Fig. 3.5. Temporal distribution of the evaporative stress index (ESI) and the relative evaporative stress 

(RES) at 8-day time steps from 2009 to 2020 across the cropland area of Kilombero floodplain in 

Tanzania (the horizontal axis presents calendar dates at the beginning of each 8-day period which may 

slightly differ in leap years). 

The analysis of the relative evaporative stress index (RES) provided further insights on the 

risks and opportunities of cultivating the pre- and post-rice niches (Fig. 3.5 and 3.6). The rainy 

season (March–May) exhibited RES values between 9% and 20%, in addition to the lowest 

ESI long-term mean values. The RES values indicated high inter-annual variability (>30%) 

over the period from late-December to mid-February, implying the high risks associated with 

cultivating during this period. While RES showed high stability (3%< RES <15%) between 

June to mid-December, this represents the dry period and hence a stability of low soil moisture 

or drought with ESI values >0.7. While pre-rice cultivation is associated with high variability 

and consequently with a high risk of drought-induced crop failure for farmers, post-rice 

cultivation (recession cropping, with or without supplemental irrigation) appears promising for 

dry season cultivation with moderate soil moisture availability and little risk of drought-related 

crop failure (9%< RES <15%). 

3.3.3. Green Water Availability 

The daily average (2009–2020) AET calculated from the ensemble product over the entire 

cropland area of Kilombero floodplain was 2.63 mm/day, corresponding to approximately 960 

mm/year. These AET values were compared to the NDVI by a linear regression at multi-annual 

monthly basis (Fig. 3.7). Both variables correlated linearly and positively, with R2 of 0.58 (p 

<0.05), indicating a relatively good performance of our ensemble AET product. 

The mean ensemble AET spatial and temporal distributions for each 10-day period are 

presented in Fig. 3.7 and 3.8. It is expected that AET values of the period March to May would 

be higher than the rest of the year, with a noticeable decline in June that is the harvesting 

month. This observed AET variability could be attributed to vegetation growth patterns as 
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explained by the estimated NDVI; during the rice growing season, the roots enable higher AET 

rates through moisture access of deeper soil profile layers, while in very sparse vegetation or 

bare soil conditions, those deeper soil layers are disconnected from the evaporation fluxes 

and AET only occurs from the topsoil layer (Fig. 3.7). 

 

Fig. 3.6. Spatial distribution of the relative evaporative stress (RES) long-term mean (2000–2019) at 8-

day time steps across the cropland area of Kilombero floodplain in Tanzania. 



Chapter 3                                                                                   The Kilombero Valley in Tanzania                                                                                  
 

25 

 

Fig. 3.7. The temporal analysis of green water availability as estimated by the actual evapotranspiration 

(AET) ensemble mean product 10-day and monthly time steps for the cropland area in Kilombero 

floodplain. Grey shading represents the multiannual average AET values for each 10-day period of the 

year (2009–2020). The solid and dashed lines represent the monthly comparison between AET and the 

normalized difference vegetation index (NDVI) from 2009 to 2020. 

The AET spatial distribution revealed no substantial variability over Kilombero cropland for 

each 10-day period, with dominating AET values of 10–40 mm/10-day throughout (Fig. 3.8). 

The rainy season (March–May) showed the highest AET (mostly about 30–40 mm/10-day) of 

the year over Kilombero. From mid-December until late February, AET had values between 

20 and 40 mm/10-day over almost all Kilombero cropland. The post-rice niche period in June 

and July showed that some cropland areas dry out faster, with relatively lower AET range (10–

30 mm/10-day). The dry period from early August to early-December was also confirmed to 

have the lowest AET (<20 mm/10-day). 

The aggregated AET of the pre- and post-rice niches are shown in Fig. 3.9a and 3.9b. 

Interestingly, the pre-rice niche (70 days) showed higher aggregated AET value ranging from 

50 to 350 mm (Fig. 3.9a). Lower aggregated AET range (50–250 mm) were estimated during 

the post-rice niche of 60 days (Fig. 3.9b). The north-western fringes areas exhibited the 

highest aggregated AET values, particularly during the pre-rice niche. 
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Fig. 3.8. Spatial distribution of the actual evapotranspiration (AET) ensemble mean product at 10-day 

time steps across the cropland area of Kilombero floodplain in Tanzania. 
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Fig. 3.9. Aggregated actual evapotranspiration (AET) values (long-term average 2009–2020) from the 

ensemble mean AET product in the (a) pre-rice niche (from mid-December to late February) and (b) 

post-rice niche (from late May to late July) across the cropland area of Kilombero floodplain in Tanzania. 

3.4. Discussion 

3.4.1. Suitability of using land cover and actual evapotranspiration datasets  

As demonstrated in the land cover analysis (Section 3.3.1), significant disparities were found 

among the different land cover products. The errors can be as large as to miss-capturing or 

even not capturing at all a specific land cover class. Using land cover products without 

evaluation can lead to drawing irrelevant and misleading conclusions regarding the study area 

and land cover class in question. Thus, we emphasize the importance of evaluating a few land 

cover products for each individual case study, and subsequently choosing one. It is 

recommended to conduct cross-comparisons between selected products and/or to compare 

them against independent reference datasets, as previously done at the country (e.g., Ayyad 

and Khalifa, 2021), continental (e.g., Fritz et al., 2010), or global scales (e.g., Pérez-Hoyos et 

al., 2017). Evaluating land cover products is especially important when researching African 

croplands, where multiple factors influence prevailing spatial discrepancies, such as elevation 

dispersion, cloud cover, or size of fields (Nabil et al., 2020). 

The cropland in Kilombero is dominated by rainfed lowland rice which is often difficult to 

differentiate from wet savanna grassland, and MCD12Q1 and ESA-CCI were unable to make 

this distinction. In addition to the spatial consistency observed between WaPOR and GFSAD 

and ESA-CCI-S2 (Section 3.3.1), the cropland area identified by WaPOR in 2015 (2,730 km2) 
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also compared well with previously-reported areas of Kilombero cropland of about 2,760 km2 

in 2009 (Munishi and Jewitt, 2019), 3,000 km2 in 2014 (Thonfeld et al., 2020a), and 3,253 (± 

679) km2 in 2014 (Thonfeld et al., 2020b). Differences between these estimates and WaPOR 

are attributed to a portion of the cropland falling within the seasonally inundated area close to 

the river. This temporarily submerged area of about 1,100 km2 (Thonfeld et al., 2020a) consists 

actually of a savanna grassland grazed by ruminants during the dry season. 

At the same time, AET products should be used carefully. In this study, not only did our 

ensemble AET product correlate well with NDVI (Section 3.3.3), but also the calculated 

average AET value of 2.63 mm/day (~ 960 mm/year) compared very well with AET values 

reported in relevant studies. For example, the average AET value in the cropland areas from 

the ensemble product was 2.63 mm/day (~ 960 mm/year). Weerasinghe et al. (2020) 

estimated an AET value of 750–1000 mm/year (~ 2.05–2.74 mm/day) following the water 

balance closure in the Rufiji Basin. Näschen et al. (2018) simulated hydrological fluxes in the 

Kilombero Basin and reported a similar AET range of 750–950 mm/year (~ 2.05–2.60 mm/day) 

in the sub-basins covering the area of Kilombero cropland. Similarly, Gabiri et al. (2018) 

calculated the soil water fluxes in Kilombero and reported an average annual AET value of 

970 mm/year (~ 2.65 mm/day). In contrast, Senkondo et al. (2019) estimated the daily average 

AET values over different land cover types using an ensemble mean derived from three AET 

models. They found that the average daily AET over Kilombero cropland was 3.5 mm/day, 

and that SSEBop underestimated the AET values. The difference between our estimates and 

theirs may be attributed to two factors: (i) they used the ESA-CCI land cover product which 

we earlier demonstrated its inaccuracy in capturing the extent of cropland in Kilombero 

(Section 3.3.1), and (ii) their ensemble mean is constructed based on the surface energy 

balance concept solely, while our ensemble blends the SSEBop and ETLook concepts 

(Section 3.2.6). 

3.4.2. Soil moisture conditions and green water availability 

Attention should be paid to the ESI original classification (Section 3.2.5). Yao et al. (2010) 

highlighted the need to explore the application of the original classification in different 

ecosystems. While the original classification considers ESI of >0.6 to represent severe drought 

conditions, in this study we used 0.7 as a threshold above which crop growth may be 

hampered. ESI values of <0.2 represent wet conditions according to the original classification. 

In the case of Kilombero, the wettest ESI conditions were found to be in the range of 0.2–0.4 

(Fig. 3.4 and 3.5), a range that represents “normal” drought conditions (not negatively affecting 

crop performance) based on the original ESI classification. Thus, we suggest that ESI 

classification should be adapted to the specific case study. Similarly, while we categorized 
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RES values into four classes (RES <20%, 20%< RES <30%, 30%< RES <40%, and RES 

>40%) (Section 3.2.5), future studies may opt to categorize RES differently according to the 

local conditions of the case study in question. 

The spatial and temporal distributions of ESI and AET showed agreements with findings of 

previous relevant studies in the region. For instance, the spatial distribution of our ESI and 

AET ensemble product was consistent with findings of Burghof et al. (2018) and Gabiri et al. 

(2018), indicating the wetter conditions (higher AET values and lower ESI) during most of the 

year in the northern and western fringes than all other areas in Kilombero floodplain (Fig. 3.4 

and Fig. 3.8). Gabiri et al. (2018) attributed the wetter conditions at the fringes zones to the 

soil water storage and the low depth to groundwater level throughout the year. In the remaining 

areas, and due to the land cover changes in the basin, a decrease in low flows and an increase 

in high flows affected the hydrological regime of the Kilombero river, i.e., inundation height 

and duration during the rainy season and surface-groundwater interaction during the dry 

season, and thus altering the soil water availability in the floodplain (Leemhuis et al., 2017). 

The analyses of AET suggest that more green water is available in the pre-rice niche than the 

post-rice niche (Section 3.3.3). Nevertheless, the latter niche was found to be more stable 

over time (low RES) which offers substantial opportunities for developing green water 

cultivation during this niche (through recession cropping and with or without supplemental 

irrigation). At the same time, the pre-rice niches showed higher variability in water availability 

and evaporative atmospheric demands (higher RES), and thus cultivating during this period 

entails risk of drought or crop failure to the farmer (Section 3.3.2). Here, it seems reasonable 

to establish supplemental irrigation practices in the pre-rice niches to cope with dry spells, 

using existing irrigation canals (Alavaisha et al., 2021) and rivers stemming from adjacent 

mountains (Wilson et al., 2017) in some areas of Kilombero. 

Our findings assessed and demonstrated green water availability before and after the wet 

season in Kilombero. The analyses of the absolute and relative green water availability 

provided useful insights as to when, where, and how reliable is green water availability beyond 

the wet season in view of maximizing the potential of agricultural production on existing 

cropland and with minimal impact on natural processes. This can be done by shifting a portion 

of the nonproductive green water flows (i.e., soil evaporation) to productive vapor flows in form 

of crop transpiration (Rockström, 2003). Thus, other water fluxes, i.e., runoff and seepage, 

shall not be significantly affected. Shifting AET fluxes to productive vapor flows will not only 

preserve natural processes and halt cropland expansion but will also contribute to improve the 

livelihoods, food security, and resilience of smallholder farming communities. 
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Two important points should be considered when planning to shift the AET fluxes to productive 

crop transpiration. First, the estimated AET herein is the sum of soil evaporation, plant 

transpiration, and evaporation of intercepted rainwater. Transpiration, the productive plants’ 

water consumption, ranges from 66% to 92% of the total AET estimated over cropland globally 

(Miralles et al., 2011; Wang-Erlandsson et al., 2014; Wei et al., 2017). This is especially 

important when designing cultivation strategies in the pre-rice niche, where interception of 

early-season rainfall events will occur and thus not all the estimated AET in this niche will be 

available for the plants. Second, it should be noted that in the pre- and post-rice niches with 

very sparse vegetation, the estimated AET values only represent green water fluxes that occur 

primarily from the 2–5 cm topsoil layer (Anderson et al., 2007). However, more green water is 

likely to be available at deeper layers of the soil profile and, thus, the cropping niches could 

potentially be even longer. For instance, while we estimated a post-rice niche of 65 days, 

Kangalawe and Liwenga (2005) conducted participatory assessments and reported that the 

post-rice soil moisture period in some areas in Kilombero may last for three to six months. On 

the other hand, they further highlighted that some areas dry out shortly after the rains have 

ceased, depending on the soil texture and the water-holding capacity. Therefore, differences 

in green water availability (Fig. 3.8) can also be attributed to soil hydraulic properties, e.g., soil 

texture, organic matter, saturated and residual water content, water-holding capacity, and 

hydrologic soil group. 

3.4.3. Prospect of sustainable intensification and diversification 

From an agronomic perspective, several cropping options can well fit within the pre- and post-

rice niches. One the one hand, rice double cropping may be possible in some areas where 

the availability of green water extends longer into the post-rice niche. Moreover, extended 

water availability may permit to growing long-duration rice cultivars, which are frequently 

economically and socially preferred (Changalima et al., 2020). Diversification options, on the 

other hand, may include a broad set of possibilities. For instance, some farmers in Kilombero 

produce maize, vegetables, cassava, cowpeas, and pigeon peas (Gebrekidan et al., 2020; 

Höllermann et al., 2021), and these crops can fit well within the detected niches. Also, short-

cycled green manure crops can produce biofertilizer in the pre-rice niche, while deep-rooted 

forage legumes such as Stylosanthes can extract water from deeper soil layers, thus 

extending the length of the post-rice niche for producing forage for cattle feeding (Kwesiga et 

al., 2020b). Moreover, perishable vegetable crops, particularly leafy vegetables, can be grown 

for as long as water is available (Verhoeven and Setter, 2010). 

Important considerations entail also the inter-annual changes in soil moisture conditions 

across the cropland in the floodplain. In the pre-rice niche (after a prolonged dry season), the 
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soil condition gradually changes from hard and dry to soft and wet, triggered by the onset of 

rainfall events. Conversely, the soil gradually moves from the wet and soft conditions back to 

the hard and dry conditions during the post-rice niche after the seasonal inundation recedes 

(towards the dry season). These changes in the soil moisture conditions will partly govern the 

selection of pre- and post- rice crops. For example, the shift from hard-dry to soft-wet 

conditions in the pre-rice niche may offer an opportunity to cultivate, e.g., tuber crops such as 

cassava, sweet potatoes, and carrots, which cannot be cultivated in the post-rice niche 

because of the hard-dry soil conditions by the harvest time. However, tuber crops in the pre-

rice niche will not be able to tolerate submergence conditions. Thus, to avoid crop 

submergence and to increase the rooting depth, building ridges for crop cultivation may be 

required in both niches, implying hard physical labor or the use of machinery, which can be 

economically challenging for low-input farmers with limited resource endowment. The changes 

in the soil aeration and physical status entail not only niche-specific hydrologic dynamics but 

may also entail different dynamics in soil nitrogen availability, with compact dry soils limiting 

root nutrient uptake in the later post-rice niche, and nitrate accumulation and subsequent 

leaching and denitrification losses limiting crop nitrogen availability during the pre-rice niche 

(Yameogo et al., 2021). 

Although farmers follow specific planting dates for rainfed rice cultivation in Kilombero, they 

adjust their cropping calendars and the planting dates according to (i) the water level as it rises 

in the floodplain and (ii) the observed weather patterns (e.g., direction of cloud formation and 

sound of thunder), which may vary across the floodplain (Höllermann et al., 2021). Rice is 

usually planted between late February and early March but the planting date can vary across 

Kilombero by a few days, and between years by a few weeks depending on the onset of the 

rainy season (Kwesiga et al., 2019). Thus, the planting time of the rainfed rice can shorten or 

prolong both the pre- and post-rice niches and thereby influence the choice of diversification 

crops in both niches and across the floodplain. 

Another critical determinant to crop selection is the proximity and availability of markets in the 

region. Perishable crops with a short storage life, such as tubers crops (e.g., carrots) or other 

leafy vegetables (e.g., cabbages), need to be delivered to the market as soon as they have 

been harvested, restricting this option to peri-urban areas, such as Ifakara town in Kilombero 

(Fig. 3.1). Coarse grains such as rice, maize, or sorghum have longer storage lives and may 

be thus preferred in remote or rural areas. 
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3.4.4. Broader implications of green water cultivation for Africa and beyond 

Green water contributes about 87% of the global cropland water consumption (Liu and Yang, 

2010) and substantial opportunities exist towards building more productive agricultural rainfed 

systems, relying on green water, which can ultimately reduce the pressure on blue water 

resources (Wani et al., 2009). In Africa, over 90% of cropland is rainfed (Xiong et al., 2017a) 

and depends on green water (Liu and Yang, 2010) that is much more available than blue water 

(Schuol et al., 2008). Yet, only 5% of public agricultural water investments support rainfed 

agriculture in Africa (Abrams, 2018). Our analyses of green water availability can guide 

investments in floodplain wetlands of SSA. The detected patterns of water availability are 

crucial to inform farmers, decision-makers as well as international and national 

donors/investors areas as to where and when investments will likely yield higher returns. This 

is not only important for improving rainfed cultivation practices through improved field 

management techniques, e.g., rainwater harvesting technologies (Biazin et al., 2012) or native 

soil N management (Asante et al., 2017), but also for considering irrigation investments where 

green water availability, solely, does not permit for crop cultivation. Here, investing in 

supplemental irrigation will contribute to increasing the overall agricultural production and 

resilience to dry spells (Rockström et al., 2010). 

As mentioned earlier, wetlands, and especially the seasonal floodplain wetlands, contribute 

significantly to livelihood and food security in SSA (Rebelo et al., 2010). Therefore, creating 

more sustainable intensification and diversification options in floodplain environments, such 

as efficiently exploiting available green water availability, can significantly contribute to 

improving food security and livelihoods by realizing the agricultural potential while halting the 

cropland expansion, an expansion that is not needed to meet both today’s and future biomass 

demands (Mauser et al., 2015). Although applied to rather local scales of floodplain 

environments, implementing and upscaling such green water management strategies can play 

a pivotal role towards a much-needed shift in the African water management (Falkenmark, 

2018). On a broader scale, these strategies can ultimately contribute to keeping agriculture 

within the safe operating space of the planet boundaries (Rockström et al., 2017) while 

realizing multiple SGDs simultaneously.  

3.4.5. Limitations and future research 

Remote sensing datasets with extensive spatial and temporal coverage provide large 

opportunities for a wide range of agricultural studies (Jindo et al., 2021), however, challenges 

may prevail due to entailed uncertainties of using such datasets (Karimi and Bastiaanssen, 

2015). Validation of these datasets is thus imperative yet challenging, and sometimes is 
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unfeasible due to the scarcity of ground data and the mismatches between gridded and ground 

datasets. For instance, to validate remotely-sensed AET estimates, they can be compared 

against in-situ measurements from eddy covariance towers, lysimeter systems, or by the water 

balance closure (Allen et al., 2011). Such measurements were not obtainable in Kilombero. 

Creating an ensemble mean of reported AET products with good performance and already 

documented uncertainties can thus provide a reasonable alternative. Further, despite 

uncertainties associated with the MOD16A2GF products for AET and PET (Running et al., 

2019), our calculations relied on their relative rather than absolute values for calculating ESI 

and RES to identify the pre- and post-rice niches (Section 3.2.5). Nonetheless, future research 

should validate the spatial and temporal boundaries and the quantified AET of the identified 

niches. Although the chosen products in this study were carefully selected, evaluated, and 

demonstrated good performance, we recommend using locally-produced/calibrated datasets 

whenever possible, when applying the proposed methodological approach in future research. 

The scale of the study should also be considered when choosing specific remote sensing 

products. This study looked at the full extent of cropland areas and thus the selected products 

were considered to have sufficient spatial resolution (100–500 m). When looking at smaller 

scales (e.g., field or plot level), AET and cropland maps of higher resolutions (10–30 m) can 

be derived from satellite images with higher resolutions (e.g., Landsat and Sentinel). There is 

also a critical need for operational and temporally dynamic land cover products to better 

understand the intra-annual changes in cropland areas of seasonal floodplain wetlands. 

Although it was beyond the scope of this study, an agronomic analysis that classifies crop 

functional traits and determines their fit within specific cropping niches is needed to target and 

extrapolate sustainable crop intensification and diversification strategies. Future research can 

further refine our results by investigating soil properties through field studies to assess soil 

suitability and to understand why some cropland areas dry out faster in the post-rice niche. In 

the light of reported findings herein, further field experiments combined with stakeholder 

analysis and aspiration mapping (e.g., Höllermann et al., 2021) are needed to identify and 

spatially target future site- and system-specific land use strategies for sustainable 

diversification and intensification of seasonal floodplain wetlands. To ensure the transferability 

of the findings of this research, the approach proposed in this study needs to be tested and 

validated in other seasonal floodplain wetlands in SSA. Thus, it is imperative to detect and 

analyze seasonal floodplain wetlands in SSA with similarities to Kilombero to which the 

suggested approach could be extrapolated and niche-specific targeting of crop diversification 

be applied. 
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3.5. Conclusions 

Using Kilombero as a case study, we could show that seasonal floodplain environments exhibit 

substantial potential for future sustainable crop intensification and diversification in sub-

Saharan Africa. Farmers cultivating floodplains use submergence water to grow rice during 

the wet season. Before and after the wet season, farming activities are limited, mainly due to 

water (un)availability and variability. We proposed a methodological approach that relies on 

open-access remote sensing datasets and permits to identify where, when, and how much 

green water is likely to be available beyond the rice cropping season. 

Land cover products showed huge disparities in extracting cropland areas with WaPOR being 

the best-performing product to delineate areas under rainfed rice production in Kilombero. 

Furthermore, creating an ensemble mean of reportedly well-performing actual 

evapotranspiration (AET) products seems to be a viable option for data-scarce regions such 

as Kilombero. Herein, the ensemble mean product of WaPOR and SSEBop demonstrated 

good quality for estimating AET in Kilombero. 

Green water is available both before and after the rice cropping season. The analyses of the 

ensemble mean AET product suggests that more green water is available in the pre-rice than 

the post-rice niches and that distinct spatial patterns of water availability are apparent. Both 

the evaporative stress index and the newly-proposed relative evaporative stress index appear 

to be suitable indicators to analyze and map soil moisture conditions in these so far 

unexploited cropping niches. 

Sustainable cultivation practices using green water in seasonal floodplain wetlands provide 

tremendous opportunities to intensify agricultural production and consequently improving 

farmer livelihoods, not only in Kilombero but also in other seasonal floodplains of sub-Saharan 

Africa and beyond. 
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4. The Nile Delta in Egypt 

This chapter is published as: 

Ayyad, S., Karimi, P., Ribbe, L., Becker, M., 2024. Potential improvements in crop production 

in Egypt and implications for future water and land demand. International Journal of Plant 

Production. https://doi.org/10.1007/s42106-024-00301-7 

Abstract 

Similar to numerous water- and data-scarce regions, Egypt confronts a critical challenge in 

sustaining food production for its rapidly growing population. Consequently, the country’s 

water and land resources are under considerable stress and require careful management. 

About half of Egypt's both annually harvested areas and renewable freshwater are allocated 

for cultivating rice, maize, wheat, and berseem clover. However, the extent to which crop 

production might be improved and how this would impact future water and land requirements 

remains poorly understood. We analyzed potential improvements in the production of these 

crops and quantified their future water and land requirements under different scenarios. 

Potential improvements were detected through percentile analysis in three remote sensing-

derived performance indicators for each crop in the Nile Delta’s Zankalon region: (i) crop yield, 

(ii) crop water productivity, and (iii) transpiration fraction (transpiration to actual 

evapotranspiration, T/AET). We applied detected improvements to construct plausible 

scenarios for Egypt’s water and land requirements to sustain domestic crop production until 

2050. 

Our findings indicate limited potential to improve T/AET (<4%). However, improvements of up 

to 27% for crop yields and up to 14% for water productivity are possible. To meet the 

production targets by 2050, national production must increase by 128, 78, 69, and 71% above 

the 2016–2020’s average for rice, maize, wheat, and berseem, respectively. Depending on 

the improvement levels in the developed scenarios, a total harvested land area between 5.3 

and 6.4 million ha will be required by 2050, with 18% allocated to rice, 28% to maize, 36% to 

wheat, and 18% to berseem. Associated freshwater requirements will amount to 59–68 billion 

cubic meters, divided into 23% for rice, 34% for maize, 28% for wheat, and 15% for berseem. 

Interventions increasing yields and water productivity will benefit more the summer (rice and 

maize) than the winter crops (wheat and berseem). We discuss likely interventions for meeting 

these requirements and for sustaining the supply of these crops in Egypt. 
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4.1. Introduction 

Water scarcity and the inefficient use of water resources for food production are critical and 

persistent challenges in various developing regions around the world. These challenges are 

especially noticeable in the arid and hyper-arid zones of North Africa, where the dual impact 

of climate change and rapid population growth is expected to further exacerbate existing water 

scarcity issues (Schilling et al., 2020). Egypt, the most populous country in North Africa 

(Worldometer, 2023), faces significant challenges related to its water resources and food 

production due to its unique geographical and hydrological circumstances. The Nile River is 

the primary source of blue water in Egypt (water in rivers, lakes, and aquifers). Egypt receives 

about 55.5 billion cubic meters (BCM) from the Nile and 1.0 BCM from the Nubian aquifer 

(AQUASTAT, 2016). About 2.0 BCM of freshwater originates from internal effective rainfall, 

resulting in a 97% dependency on external water resources (Ayyad and Khalifa, 2021). Egypt’s 

supply of available blue freshwater is projected to decline from 570 to 360 cubic meters per 

capita by 2050, implying a state of absolute water scarcity (Ayyad and Khalifa, 2021). 

While the total renewable freshwater resources stand at 58.5 BCM, total water abstractions 

amount to 80 BCM (Omar and Moussa, 2016). This gap is mainly mitigated through extensive 

water reuse and non-renewable groundwater extraction. However, the reuse of drainage and 

sewage water in the Nile Delta affects negatively its soils, crop productivity, and human health 

(Kheir et al., 2021a), while the heavy reliance on fossil groundwater leads to its depletion and 

salinization (El-Agha et al., 2023). Agriculture is the largest consumer of water in Egypt, 

receiving about 62 BCM for the predominant surface irrigation practices to mainly produce 

food (AbuZeid, 2020). Additionally, Egypt imports about 50 BCM and exports 7.0 BCM of 

virtual water embedded in food crops annually, making the country a net importer of at least 

40 BCM of virtual water (Abdelkader et al., 2018; AbuZeid, 2020; Nikiel and Eltahir, 2021). 

Therefore, further blue water scarcity can induce shortages in food supply, surges in food 

prices, and food insecurity, thereby increasing the vulnerability of the agricultural sector and 

communities. 

With a limited scope for further developing water resources, Egypt is likely to face serious 

challenges in securing sufficient additional water to boost food production to keep pace with 

its rapidly growing population and will likely continue relying on food imports especially for 

cereals (Abdelkader et al., 2018; Ayyad and Khalifa, 2021; Nikiel and Eltahir, 2021). To sustain 

crop production by 2050 under current production efficiencies, Egypt would need 110 BCM of 

water instead of the 62 BCM currently allocated for agriculture, which may not be feasible 

given the country’s limited water budget (Ayyad and Khalifa, 2021). This projected rise also 

highlights the need for expanding the cultivated area. Despite a cropping intensity of 190% (at 
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least two crops per year on >90% of the cropland area - CAPMAS 2023), Egypt will still need 

to expand its currently harvested area of 6.6 million ha (Mha) to 9.2 Mha by 2050 (Ayyad and 

Khalifa, 2021). These projections reveal the significant hurdles Egypt will encounter in 

securing water and land resources for future crop production, without accounting for future 

food imports, industrial and domestic water usage, and the anticipated impacts of climate 

change that are expected to increase crop water requirements (Mostafa et al., 2021). 

Given their strategic significance for Egypt, food crops with strategic significance, such as rice 

(Oryza sativa), maize (Zea mays), and wheat (Triticum aestivum), and the forage crop 

berseem clover (Trifolium alexandrinum), dominate the cultivated cropland area and 

contribute the major share of daily calories for its population (FAOSTAT, 2023). At national 

scale, rice, maize, wheat, and berseem occupied an average of 7, 15, 20, and 10% of the total 

harvested areas in Egypt during the period from 2016 to 2020, respectively. During the same 

period, Egypt allocated about 8.5, 9.0, 6.5, and 4.0 BCM per year of irrigation water for 

cultivating rice, maize, wheat, and berseem, respectively, accounting for almost half of Egypt’s 

total renewable freshwater resources (CAPMAS, 2023). Additionally, Egypt is currently a net 

importer of wheat, maize, and rice given the gap between the country’s domestic production 

capacity and demand for these crops (FAOSTAT, 2023). Nevertheless, the extent to which 

the production of these crops might be improved and how this would impact future water and 

land requirements remains poorly understood. 

Several studies estimated the water and land resources required to sustain future crop supply 

in Egypt (e.g., Asseng et al. 2018; Abdelkader et al. 2018; Abdelaal and Thilmany 2019; Ayyad 

and Khalifa 2021; Nikiel and Eltahir 2021). While these studies adopted scenario-based 

approaches and used various methods and datasets, they lacked a comprehensive 

quantification of potential improvements in crop production, specifically by enhancing water 

savings and increasing crop yields. Presently, there are no published studies providing in-

depth information on improvements of crop yields and water savings for the main crops in 

Egypt. Multsch et al. (2017) assumed normative values for potential improvements in irrigation 

efficiency in Egypt, ranging between 5–15%. Ayyad and Khalifa (2021) estimated a potential 

increase in the yield of cereal crops of 10–15% and in agricultural water savings of 5–10%, 

using historical yield values and remote sensing data, and covering the total cropland of the 

country without distinguishing between specific crop types. 

Against this background, it becomes imperative to understand and quantify potential 

improvements in the production of major crops to determine which crops and parameters 

require interventions. This can serve as pivotal entry points for designing interventions and 

guiding investments to enhance crop production and conserving vital water and land 
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resources. Such knowledge is lacking in Egypt, and in many other developing regions, mainly 

due to the lack of detailed crop type maps and sufficient ground data. To explore desirable 

future agricultural development pathways, assessments are required that are based on 

integrating publicly available data and that incorporate crop-specific spatial and temporal 

dimensions. Our work focused on Egypt, however, there are many other developing nations 

with similar conditions to those of Egypt. The typical main similarities encompass (i) the 

significant gaps between resource availability and demand/consumption; (ii) the heavy 

reliance on blue water for irrigation practices; and (iii) the scarcity of ground data. Under these 

conditions, a comprehensive quantification of potential improvements in water savings and 

crop yields becomes indispensable. Moreover, exploring future water and land requirements 

for crop production in such regions is crucial for policymakers in order to be prepared and 

apply appropriate interventions in a timely manner. The quantification of potential 

improvements is necessary to construct plausible scenarios of future demand for resources. 

Not only does the spatio-temporal analysis of crop yields and water consumption help quantify 

potential improvements that are used to construct future scenarios, but it also allows to 

highlight opportunities in improving specific crop parameters and to set priorities when 

applying interventions. 

In this study, we quantify the potential improvements in three remote sensing-derived 

performance indicators for rice, wheat, maize, and berseem in a benchmark case study in the 

Nile Delta (the Zankalon region). These indicators comprise (i) crop yield: the harvested 

production per unit of land area, (ii) crop water productivity (CWP): the harvested production 

per unit of water consumed (actual evapotranspiration, AET), and (iii) transpiration fraction 

(T/AET): crop transpiration to actual evapotranspiration. Based on this quantification, we 

extrapolate the detected potential improvements from Zankalon to the national level of Egypt 

and construct plausible scenarios of future water and land requirements to sustain domestic 

production of the four crops until 2050. Subsequently, we propose a set of interventions to 

address the future challenge of sustaining the supply of these crops in Egypt. The novelty of 

our study lies in (1) the detailed quantification of potential improvements at the crop level, (2) 

providing outlooks as to how these improvements will influence the future demand for water 

and land in Egypt, and (3) the developed methodological approach, integrating multiple types 

of open-access datasets to quantify improvements in crop production and project demand for 

crops and resources in data-scarce regions. Such insights will permit to pinpoint opportunities 

to enhance production efficiency and to conserve water and land resources in the future. Our 

findings and the methodological approach are useful for and potentially applicable to other 
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parts of the world, especially those with conditions similar to those encountered in Egypt, 

where the use of water and land resources must be improved. 

4.2. Materials and methods 

4.2.1. The Zankalon region of the Nile Delta 

To detect potential improvements in cultivating the four major crops in Egypt, we needed to 

follow a crop-specific approach. In the absence of detailed crop type maps covering the entire 

cropland extent in Egypt, conducting such crop-specific analysis at the national level was not 

feasible. Therefore, we identified the Zankalon region, located mostly within the governorate 

of Sharkia in the Nile Delta (Fig. 4.1a), as a benchmark case study to detect the potential 

improvements in performance indicators for the four crops and subsequently extrapolate the 

findings to the national level. The choice of Zankalon was made for several reasons: (1) the 

extensive availability of satellite observations for crop type mapping and for estimating 

performance indicators at high spatial and temporal resolutions over Zankalon (Section 4.2.3); 

(2) Zankalon represents about 5% of the old lands under the predominant surface irrigation 

practices in the Nile Delta, where about 65% of all cropland in Egypt is located (Ayyad et al., 

2019; Hereher, 2013); and (3) the extensive cultivation of the four crops under investigation in 

Zankalon and in all Egypt. During the summer season (May–October), rice and maize account 

for 78 and 9%, respectively, of the total cropland area in Zankalon, while 45 and 43% of the 

area are cultivated with wheat and berseem during the winter season (October–April), 

respectively (FAO, 2023b). The monthly average temperatures, precipitation, and reference 

evapotranspiration reflecting the seasonality in Zankalon are presented in Fig. 4.1b. 

Our analysis of Zankalon aims at estimating potential improvements in performance indicators 

across fields in Zankalon as relative values (percentages) rather than absolute values to 

accommodate the understanding that absolute values from Zankalon may not be fully 

representative to all irrigated areas across Egypt. For these reasons, Zankalon appears to be 

a suitable and representative case study to detect variation in performance indicators for the 

four crops. 



Chapter 4                                                                                                 The Nile Delta in Egypt                                                                                                           
 

40 

 

Fig. 4.1. a) Location map of the Zankalon region in the Nile Delta. Cropland areas: (FAO, 2023b), 

national boundary: https://www.naturalearthdata.com/, Sharkia governorate: https://www.diva-gis.org/. 

b) Average monthly temperatures, precipitation, and reference evapotranspiration over Zankalon for 

the period 2010–2019. Precipitation & reference evapotranspiration: (FAO, 2023b), temperature: 

(Harris et al., 2020). 

4.2.2. Methodological approach 

We integrated remote sensing datasets, national statistics, and secondary data from literature 

to quantify the potential improvements in three performance indicators in Zankalon and used 

this quantification to construct plausible scenarios of future water and land demands to sustain 

https://www.naturalearthdata.com/
https://www.diva-gis.org/
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domestic production of the four strategic crops in Egypt as outlined in Fig. 4.2. The data inputs 

used in this study and their corresponding sources are summarized in Table 4.1. The proposed 

approach encompasses three phases: (i) extracting cropland areas for the selected crops and 

estimate their corresponding performance indicators in Zankalon, namely crop yield, crop 

water productivity (CWP), and transpiration fraction (T/AET) (Fig. 4.2a); (ii) benchmarking 

these performance indicators and estimating their potential improvements in Zankalon (Fig. 

4.2b); and (iii) using the estimated potential improvements to construct scenarios of future 

water and land demand to sustain production of the selected crops by 2050 in all Egypt (Fig. 

4.2c). We studied the most recent performance of irrigated agriculture in Egypt from 2016 to 

2021. 

 

Fig. 4.2. The proposed methodological approach showing the workflow and steps. Boxes highlighted 

in green represent data variables distributed through WaPOR. Boxes highlighted in red are data based 
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on literature and those highlighted in black are sourced from secondary sources. Boxes highlighted in 

blue represent results of own processing. 

4.2.3. WaPOR datasets 

To achieve the study objectives in this data-scarce region, we used the high-resolution open-

access datasets from FAO’s portal to monitor water productivity through open access remotely 

sensed derived data (WaPOR v2.1; https://wapor.apps.fao.org/home/WAPOR_2/3) and GIS 

techniques. WaPOR provides datasets needed to estimate performance indicators at spatial 

resolutions of 250 m (level-1; covering Africa and the Near East), 100 m (level-2; for some 

countries and river basins), and 30 m (level-3; for some sub-national sites). Herein, we focused 

on the Zankalon region in Egypt covered by WaPOR’s level-3 at 30 m spatial resolution and 

10-day timesteps. We used multiple datasets from WaPOR to conduct this analysis (Table 

4.1). WaPOR’s datasets have gained recognition in recent years and have been increasingly 

used to monitor these parameters (Ayyad et al., 2022; Chukalla et al., 2022; Safi A. et al., 

2022; Safi C. et al., 2023). The high quality of WaPOR’s datasets in estimating some of these 

parameters is reported in literature. For example, WaPOR demonstrated high performance 

reproducing the conservative relationship between biomass and AET in irrigated cropland in 

Ethiopia and Mozambique (Seijger et al., 2023). Ayyad and Khalifa (2021) have reported the 

efficacy of WaPOR’s land cover dataset in delineating irrigated areas within Egypt. Similarly, 

WaPOR performed well in estimating AET over the Nile region (McNamara et al., 2021) and 

was recommended for inter-plot comparison over irrigated areas in several regions in Africa 

(Blatchford et al., 2020). Further grounds for choosing WaPOR’s data are the open 

accessibility through public domain, and the continuity WaPOR’s mission, allowing for the 

operationalization and use of these products in future research. The required datasets were 

downloaded and processed in the ArcGIS environment (ESRI, 2019). 

https://wapor.apps.fao.org/home/WAPOR_2/3
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Table 4.1. Input data and sources used in the analysis. 

Data Type Spatial and 

temporal 

resolution 

Time period Sources 

Land cover/crop type Satellite 30 m; 10-day 2016–2021 WaPOR 

Actual evapotranspiration Satellite 30 m; 10-day 2016–2021 WaPOR 

Transpiration Satellite 30 m; 10-day 2016–2021 WaPOR 

Crop yield Satellite 30 m; 10-day 2016–2021 WaPOR 

Crop water productivity Satellite 30 m; 10-day 2016–2021 WaPOR 

Population Time series Annual 2000–2050 (United Nations, 2023b). 

Crop statistics (rice, maize, 

and wheat) 

Time series Annual 2000–2020 (FAOSTAT, 2023) 

Crop statistics (berseem) Time series Annual 2004–2020 (CAPMAS, 2023) 

Conveyance efficiency Time series Annual 2016–2021 (CAPMAS, 2023) 

4.2.4. Land cover analysis 

WaPOR’s level-3 land cover/crop type dataset is available at 10-day timesteps, which allows 

for detecting the start and end of season for each crop. We determined season lengths for 

each crop and season, which were then used to calculate the other variables required for the 

analysis. The average lengths of growing season were 150 (±5), 130 (±4), 190 (±7), and 210 

(±5) days for rice, maize, wheat, and berseem, respectively. For each crop, one crop type map 

was extracted at the vegetative stage and used as the crop type layer for the corresponding 

season in further steps. The result of this step was one crop type map for each crop and 

season, i.e., five crop type maps for each crop for the period 2016–2021 (Fig. 4.2, step#1). 

4.2.5. Performance indicators 

We used three main performance indicators derived from WaPOR datasets: 

(i) Transpiration fraction (T/AET, dimensionless): the ratio of transpiration (T, in m3/ha), 

which pertains to the productive portion of actual evapotranspiration (AET), to the total 

AET (in m3/ha) that includes both productive and nonproductive evaporation fluxes. 

(ii) Crop yield (in t/ha): represents the quantity of harvest produced per unit area. 

(iii) Crop water productivity (CWP, in kg/m3): represents the yield generated per unit of water 

consumed and calculated as the ratio of yield to AET. 

These indicators were calculated for each crop in each season and averaged over the 5-year 

period to alleviate potential anomalies (Fig. 4.2: step #2). Firstly, we estimated seasonal T and 

AET by aggregating their 10-day values of the respective growth season for each crop. 

Subsequently, T/AET was computed by dividing the seasonal T by the corresponding 

seasonal AET. 



Chapter 4                                                                                                 The Nile Delta in Egypt                                                                                                           
 

44 

WaPOR estimates crop yield by calculating the seasonal net primary production (NPP) and 

converting it to aboveground biomass (AGB) (Eq. 4.1) and subsequently to crop yield (Eq. 4.2) 

(FAO, 2020a). 

𝐴𝐺𝐵 = 𝑁𝑃𝑃 ∗ 22.222 ∗ 𝐴𝑜𝑇        (4.1) 

𝑌𝑖𝑒𝑙𝑑 =
𝐴𝐺𝐵∗𝐻𝐼

(1−𝜃)
∗ 𝐿𝑈𝐸𝑐         (4.2) 

where AoT is the ratio of aboveground biomass to total biomass. 22.222 is a scaling factor to 

convert NPP to dry matter (1 gC/m²/day (NPP) = 22.222 kg DM/ha/day). θ is the moisture 

content of the harvested biomass (in %). HI is the harvest index and represents the 

harvestable fraction of biomass. LUEc refers to the light use efficiency (LUE) correction factor, 

representing the ratio between the actual LUE (crop-specific) and the LUE (generic value for 

cropland of 2.7 MJ g-1) that WaPOR uses for calculating NPP (FAO, 2020b). These 

parameters are unique to the location and varieties under study. We compiled crop parameters 

from relevant literature sources for the four crops under investigation and used their averages 

(Table 4.2). We found values for some of these parameters specifically for crops in Egypt. For 

other parameters, we relied on values reported from crops in other arid and semi-arid regions 

such as Australia, India, China, and the USA. Subsequently, CWP was calculated by dividing 

the total seasonal yield by the corresponding seasonal AET for each crop and season. For 

berseem, both crop yield and CWP values were further multiplied by 0.14 to convert from fresh 

to dry biomass values (Dost et al., 2014). 



Chapter 4                                                                                                 The Nile Delta in Egypt                                                                                                           
 

45 

Table 4.2. Crop parameters used for each crop in this study. 

Parameter Wheat Berseem 

(fresh) 

Rice Maize 

Light use 

efficiency (a) 

2.5 g MJ-1  

(Hatfield and Dold, 

2019; Pradhan et 

al., 2018) 

1.8 g MJ-1 (b) 

(Hatfield and 

Dold, 2019; 

Steduto et al., 

2012) 

2.2 g MJ-1 

(Fu et al., 2021; 

Hatfield and Dold, 

2019; Liu et al., 2020) 

3.8 g MJ-1 

(Hatfield and Dold, 

2019; Lindquist et 

al., 2005) 

Light use 

efficiency 

correction 

factors 

0.93 (C3) (Sadras 

et al., 2016; Wang 

et al., 2012) 

0.66 (C3) (b)  

(Sadras et al., 

2016; Wang et 

al., 2012) 

0.82 (C3) (Sadras et 

al., 2016; Wang et al., 

2012) 

1.4 (C4) (Sadras et 

al., 2016; Wang et 

al., 2012) 

Harvest index 0.5 (El Hawary et 

al., 2015; Kheir et 

al., 2021b) 

0.95 (b) (FAO, 

2023c; Sadras 

et al., 2016) 

0.48 (Mousa and 

Abdelghany, 2022) 

0.4 (Kandil, 2013; 

Salama et al., 2021) 

Aboveground 

over total 

biomass 

0.9 (El Hawary et 

al., 2015) 

0.9 (a) 

(Giambalvo et 

al., 2011) 

0.8 (Mekawy et al., 

2015; Nada and 

Abogadallah, 2018) 

0.92 (a) (Ordóñez et 

al., 2020) 

Moisture 

content (%) 

14 (El-Porai et al., 

2013) 

86 (Dost et al., 

2014; Salama et 

al., 2020) 

14 (Hafez et al., 

2021) 

15 (Amer, 2010; El-

Hendawy et al., 

2008) 
a values from other countries since the specific value in Egypt was not available. b taken for Alfalfa since 

values for berseem could not be found. 

4.2.6. Benchmarking potential improvements of performance indicators 

Benchmarking involves estimating average values of performance indicators and identifying 

higher achievable values of these indicators within Zankalon. We analyzed the 5-year average 

values of performance indicators and set upper threshold percentiles to gauge potential 

improvements (Fig. 4.2b). The selection of upper threshold percentiles vary among studies, 

typically ranging from 70 to 95% (Licker et al., 2010; Mekonnen et al., 2020; Mekonnen and 

Hoekstra, 2014; Safi A. et al., 2022; Zwart and Bastiaanssen, 2004). We calculated three 

threshold percentiles at 80, 90, and 95% to provide insights into scenarios of higher potential 

improvements. Subsequently, we expressed these three potential improvements as 

percentages relative to the averages rather than absolute values (Eq. 4.3; Fig. 4.2: step #3). 

𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠 𝑍𝑎𝑛𝑘𝑎𝑙𝑜𝑛  =
𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒𝑠 (80,90,95%)−𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒
× 100  (4.3) 

The choice of presenting potential improvements in percentage terms was driven by two 

considerations. First, it acknowledges that absolute values would exclusively reflect the 

Zankalon region as part of the Delta’s old lands. Second, it mitigates reliance on WaPOR’s 

accuracy in estimating performance indicators, as the possibility of systematic under- or 

overestimation for certain parameters exists (Blatchford et al., 2020; FAO, 2020b; McNamara 
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et al., 2021; Weerasinghe et al., 2020). The identified percentage improvements were used to 

model future water and land demand for four crops at the national level (Fig. 4.2c). 

To explore the variability of performance indicators in Zankalon further, we calculated spatial 

and temporal coefficients of variation (CV = standard deviation/mean) for each indicator over 

the period 2016–2021. Temporal CV measures the interannual variation across the 5-year 

time series, while spatial CV indicates spatial variability across cropland pixels on the 5-year 

average maps. 

4.2.7. Scenario development 

To build future scenarios for all Egypt based on calculated performance indicators and 

potential improvements detected in Zankalon, a comprehensive analysis of domestic crop 

production and population growth is essential. Consequently, we obtained time series of 

historical and forecasted total population (medium fertility variant) as well as crop statistics, 

including cultivated area, yield, and production quantities of the studied crops at the national 

level of Egypt (Table 4.1). 

Based on available data, the periods 2000–2020 for rice, maize, and wheat, and 2004–2020 

for berseem, were selected to estimate the average per capita domestic production of each 

crop in kg/capita/year (Eq. 4.4). Next, we calculated future demand for each crop to be 

produced domestically in Egypt from 2021 through 2050 (Eq. 4.5, Fig. 4.2: step #4). 

𝑃𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 2000−2020 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
   (4.4) 

𝐹𝑢𝑡𝑢𝑟𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟 𝑐𝑟𝑜𝑝 2021−2050 = 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 2000−2020 × 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 2021−2050 (4.5) 

To calculate future water and land demands of the four crops in all Egypt, it was imperative to 

compute representative values for crop yield, CWP, and T/AET at the national scale. In the 

absence of T/AET values in literature sources, we used values resulting from the Zankalon 

analysis (2016–2021) to represent potential improvements at the national level of Egypt. 

Average national crop yield values were calculated for each crop using recent data from 

FAOSTAT and CAPMAS over 2016–2020 (Eq. 4.6). 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑟𝑜𝑝 𝑦𝑖𝑒𝑙𝑑 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝐻𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
     (4.6) 

For CWP, we synthesized representative values from studies covering the national scale and 

calculated the average value for each crop (Table 4.3). Subsequently, average national values 

for yield, CWP, and T/AET were factored by the percentages of potential improvements as 
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identified in Zankalon to estimate the three potential values of the three indicators at the 

national level (Eq. 4.7, Fig. 4.2: step #5). 

𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝐸𝑔𝑦 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑠 𝐸𝑔𝑦 × [(100 + 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠 𝑍𝑎𝑛𝑘𝑎𝑙𝑜𝑛)/100]  (4.7) 

Table 4.3. Values for crop water productivity of the studied crops in Egypt. 

Crop Value (kg/m3) (a) Time coverage Source 

Wheat 0.87 2015–2019 (Swelam et al., 2022) 

1.6 2017–2018 (El-Marsafawy and Mohamed, 2021) 

1.1 2017 (Nikiel and Eltahir, 2021) 

1.8 (b) 2020 (CAPMAS, 2023) 

1.34 Average used in this study 

Berseem (dry) 1.4 2017 (Nikiel and Eltahir, 2021) 

2.5 (b) 2020 (CAPMAS, 2023) 

1.95 Average used in this study 

Maize 0.65 2015–2019 (Swelam et al., 2022) 

1.0 2017–2018 (El-Marsafawy and Mohamed, 2021) 

1.0 2017 (Nikiel and Eltahir, 2021) 

1.1 (b) 2020 (CAPMAS, 2023) 

0.94 Average used in this study 

Rice 1.1 2017–2018 (El-Marsafawy and Mohamed, 2021) 

1.0 2017 (Nikiel and Eltahir, 2021) 

1.3 (b) 2020 (CAPMAS, 2023) 

1.13 Average used in this study 
a some values were obtained from graphs in their corresponding studies or derived thus minor 

deviations may exist. b values scaled by field irrigation efficiency of 70%. 

Future land demand (in ha) for each crop from 2021 through 2050 was calculated based on 

the average and the three potential improvements in crop yield (Eq. 4.8), resulting in four land 

demand scenarios for each crop (Land-1, 2, 3, and 4; Fig. 4.2: step #6). 

𝐹𝑢𝑡𝑢𝑟𝑒 𝑙𝑎𝑛𝑑 𝑑𝑒𝑚𝑎𝑛𝑑𝐿𝑎𝑛𝑑-1,2,3,4 =
𝐹𝑢𝑡𝑢𝑟𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟 𝑐𝑟𝑜𝑝

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑛𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 𝑣𝑎𝑙𝑢𝑒𝑠
    (4.8) 

Future water demand was calculated in seven scenarios. One scenario (Water-1) was 

calculated based on the average values of CWP and T/AET, implying the continuation of 

current average values in the future (Eq. 4.9). Three scenarios (Water-2. 3, and 4) were 

calculated based on three potential CWP values (Eq. 4.10). Three more scenarios (Water-5. 

6, and 7) were based on potential values of both CWP and T/AET to account for additional 

water savings in each scenario and crop associated with the combined influence of 

improvements of CWP and T/AET (Eq. 4.11). This resulted in seven scenarios of water 

demands for each crop (Water-1 to 7; Fig. 4.2: steps #7 and #8). In all water scenarios, we 

scaled water demand values by both field irrigation and conveyance efficiencies to estimate 

the total irrigation water demand at High Aswan Dam (HAD) (Fig. 4.1a). Here, irrigation 

efficiency refers to the ratio of water supplied to fields to the actual water consumed by crops, 
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whereas conveyance efficiency is the ratio of water supplied to fields to the water quantities 

released at HAD for irrigation needs. In Egypt, field irrigation efficiency ranges from 60 to 70% 

(Abdelkader et al., 2018; Ayyad et al., 2019; Elsayed et al., 2022b; Nikiel and Eltahir, 2021). 

Since the analysis focuses on future scenarios, we chose an irrigation efficiency of 70%. 

Additionally, based on data from CAPMAS for the period 2016–2021, we estimated a 

conveyance efficiency of approximately 85%. 

𝐹𝑢𝑡𝑢𝑟𝑒 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑚𝑎𝑛𝑑 𝑊𝑎𝑡𝑒𝑟-1 =
𝐹𝑢𝑡𝑢𝑟𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟 𝑐𝑟𝑜𝑝

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑊𝑃 𝑎𝑛𝑑 𝑇/𝐴𝐸𝑇 𝑣𝑎𝑙𝑢𝑒𝑠
 × 0.7 × 0.85   (4.9) 

𝐹𝑢𝑡𝑢𝑟𝑒 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑚𝑎𝑛𝑑 𝑊𝑎𝑡𝑒𝑟-2,3,4 =
𝐹𝑢𝑡𝑢𝑟𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟 𝑐𝑟𝑜𝑝

𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐶𝑊𝑃 𝑣𝑎𝑙𝑢𝑒𝑠
 × 0.7 × 0.85   (4.10) 

𝐹𝑢𝑡𝑢𝑟𝑒 𝑙𝑎𝑛𝑑 𝑑𝑒𝑚𝑎𝑛𝑑 𝑊𝑎𝑡𝑒𝑟-5,6,7 =
𝐹𝑢𝑡𝑢𝑟𝑒 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑚𝑎𝑛𝑑 𝑤𝑎𝑡𝑒𝑟−2,3,4

𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑇/𝐴𝐸𝑇 𝑣𝑎𝑙𝑢𝑒𝑠
    (4.11) 

4.2.8. Scenario assumptions 

In constructing future scenarios, the following key assumptions were made: 

▪ We based our scenarios on the population forecast of the medium fertility variant, 

excluding the high and low fertility variants (United Nations, 2023b). 

▪ The existing import and export ratios of the studied crops were assumed to remain 

constant until 2050. Here, our modelling approach and the scenarios proposed are 

concerned with the potential improvements in domestic production and thus trade activities 

were excluded. 

▪ The per capita average domestic production from 2000 to 2020 was considered to remain 

unchanged until 2050. Changes in socioeconomic indicators, such as per capita GDP, 

may influence the per capita demand of some food commodities. While berseem’s demand 

is not tied to GDP, lower correlations were found between per capita GDP and demand 

for rice (R2 = 0.2) and wheat (R2 = 0.5) than for maize (R2 = 0.8) over the last decades in 

Egypt (Nikiel and Eltahir, 2021). Maize’s high correlation with GDP can be attributed to its 

use as animal feed embedded in meat products that have a strong relationship with GDP 

(Nikiel and Eltahir, 2021). Nevertheless, the aforementioned correlations are concerned 

with the total per capita supply of these crops (both imported and domestically produced) 

while our analysis focuses only on the per capita portion that is domestically produced, 

which rather reflects the country’s agricultural production capacity, thus assuming the 

average of 2000–2020 to remain constant through 2050. 

▪ Climate change and its impacts on crop water requirements, crop productivity, sea level 

rise, saltwater intrusion, and future Nile water availability and variability were not analyzed 

in this study. 
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These assumptions were also made in a similar assessment by Ayyad and Khalifa (2021) and 

should be considered when interpreting the results and their applicability to real-world 

conditions. 

4.3. Results 

4.3.1. Absolute values of performance indicators 

The seasonal and 5-year average estimates of performance indicators for each crop as 

derived from WaPOR over Zankalon during the period 2016–2021 are presented in Fig. 4.3, 

4.4, and 4.5. The T/AET values for all crops in all years were relatively high (≥0.79) (Fig. 4.3). 

In terms of crop yield and CWP, the 5-year average values stood at 1.5, 1.8, 6.3, and 9.2 t/ha 

and 0.2, 0.3, 1.05, and 1.2 kg/m3 for rice, maize, wheat, and berseem (dry), respectively (Fig. 

4.4 and 4.5). It is worth noting that the yield and CWP values for rice and maize, both summer 

crops, are significantly lower than commonly reported values in the existing literature (Section 

4.4.1 provides further insights). The figures for actual evapotranspiration and transpiration can 

be found in Appendix A (Fig. A1 and A2). 

Across all crops, the analysis of 5-year average maps unveiled limited spatial variations across 

the crop pixels in Zankalon (Figures 4.3b, 4.4b, and 4.5b). Spatial CV values for all indicators 

were lower than 20% (Table 4.4). Similarly, notably low interannual variations were observed 

in all studied indicators, as indicated by the low values of temporal coefficients of variation (CV 

< 10%) (Table 4.4). 

Table 4.4. Spatial and temporal coefficient of variation (CV) of the performance indicators in Zanaklon. 

Indicator CV (%) Rice Maize Wheat Berseem 

Crop yield Temporal 9 4 2 3 

Spatial 18 14 11 9 

Crop water productivity Temporal 7 5 4 6 

Spatial 8 7 5 5 

Transpiration fraction 

 

Temporal 2 2 1 1 

Spatial 4 3 2 1 

Actual evapotranspiration 

 

Temporal 6 4 6 5 

Spatial 13 10 8 7 

Transpiration 

 

Temporal 6 3 5 5 

Spatial 15 11 9 8 
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Fig. 4.3. a) Spatial variation of seasonal transpiration fraction (T/AET) for the studied crops in Zankalon 

(average of 2016–2021). b) Seasonal and 5-year average estimates. Data derived from WaPOR. 
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Fig. 4.4. a) Spatial variation of seasonal crop yield for the studied crops in Zankalon (average of 2016–

2021). b) Seasonal and 5-year average estimates. Data derived from WaPOR. 
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Fig. 4.5. a) Spatial variation of seasonal crop water productivity (CWP) for the studied crops in Zankalon 

(average of 2016–2021). b) Seasonal and 5-year average estimates. Data derived from WaPOR. 
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4.3.2. Percentages of potential improvements in Zankalon and their national 

extrapolation 

The percentages denoting potential improvements for crop yield, T/AET, and CWP in 

Zankalon for the four crops are shown in Table 4.5. Notably, T/AET values exhibited limited 

potential for improvements since relatively high values were observed. The T/AET for rice and 

maize showed the highest percentage of improvements of 4% at percentile 95%. In contrast, 

the potential improvements for crop yield were substantially higher. Winter and summer crops 

demonstrated the capacity to enhance yield values by up to 17 and 27%, respectively, at 

percentile 95%. Similarly, CWP followed a comparable pattern at percentile 95%, with 

potential improvements of up to 10 and 14% for winter and summer crops, respectively. These 

percentages of potential improvements for yield, T/AET, and CWP in Zankalon were 

subsequently used to gauge the potential impacts of these improvements at the national scale 

of Egypt. Table 4.5 shows the average values for yield, T/AET, and CWP between 2016–2020 

for each crop at the national level and the potential values based on the extrapolated 

percentages of improvements. 

4.3.3. Future demand for crops 

In accordance with the UN population forecast, the Egyptian population has seen an increase 

from 70 million capita in 2000 to 106 million capita in 2020. This trend is projected to continue, 

reaching about 160 million capita by 2050, following the medium fertility variant (Fig. 4.6). 

The average per capita domestic production of rice, maize, wheat (2000–2020), and berseem 

(2004–2020) were 66, 82, 93, and 75 kg/capita/year, respectively. To sustain this production 

by 2050, Egypt would need to produce approximately 11, 13, 15, and 12 million tons of rice, 

maize, wheat, and berseem, respectively (Fig. 4.6). In other words, production quantities 

would need to increase by 128, 78, 69, and 71% above the 2016–2020’s average production 

quantities for rice, maize, wheat, and berseem, respectively. 
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Fig. 4.6. Relation between population growth (2020–2050), current crop production quantities (2016–

2020), and estimated crop demand (2021–2050). 

Table 4.5. Percentages of potential improvements for transpiration fraction (T/AET), crop yield, and 

crop water productivity (CWP) for the studied crops in Zankalon as derived from WaPOR (2016–2021) 

and the average and potential values for yield, T/AET, and CWP values between 2016–2020 for each 

crop at the national level. 

Indicator Levels Unit Rice Maize Wheat Berseem 

T/AET 

(Zankalon) 

Improvements at percentile 80% 

% 

2 2 1 1 

Improvements at percentile 90% 3 3 2 1 

Improvements at percentile 95% 4 4 2 2 

Yield 

(Zankalon) 

Improvements at percentile 80% 

% 

14 11 8 7 

Improvements at percentile 90% 21 17 12 12 

Improvements at percentile 95% 27 22 17 16 

CWP 

(Zankalon) 

Improvements at percentile 80% 

% 

6 6 4 4 

Improvements at percentile 90% 9 9 6 7 

Improvements at percentile 95% 14 13 10 9 

T/AET 

(Egypt) 

Average value 

Dimensionless 

0.79 0.79 0.83 0.84 

Value at percentile 80% 0.81 0.80 0.84 0.85 

Value at percentile 90% 0.82 0.81 0.85 0.86 

Value at percentile 95% 0.83 0.82 0.85 0.86 

Yield 

(Egypt) 

Average 

t/ha 

9.1 7.1 6.5 10.5 

Value at percentile 80% (a) 10.4 7.9 7.1 11.2 

Value at percentile 90% 11 8.3 7.3 11.7 

Value at percentile 95% 11.6 8.7 7.6 12.2 

CWP 

(Egypt) 

Average 

kg/m3 

1.1 0.94 1.3 1.9 

Value at percentile 80% 1.20 1 1.39 2.02 

Value at percentile 90% 1.24 1.02 1.42 2.08 

Value at percentile 95% 1.30 1.06 1.47 2.12 

4.3.4. Future demand for land and water 

To sustain domestic production of the four crops by 2050, following the average yield values 

in Land-1 scenario, a cultivated land area of approximately 6.4 million hectares (Mha) would 

be required. However, if the average yield values were to increase to reach the 80, 90, and 
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95% percentile values as in Land-2, Land-3, and Land-4 scenarios, the total land area needed 

to cultivate these four crops in 2050 would drop to 5.8, 5.5, and 5.3 Mha, respectively. In all 

scenarios, the total land area required are distributed among rice (18%), maize (28%), wheat 

(36%), and berseem (18%). For instance, the required 6.4 Mha by 2050 in Land-1 scenario 

would be distributed between rice (1.15 Mha), maize (1.85 Mha), wheat (2.25 Mha), and 

berseem (1.15 Mha). Fig. 4.7 shows the land areas required for each scenario from 2021 

through 2050, illustrating how changes in yield values can affect the overall land area required 

for crop cultivation. 

 

Fig. 4.7. The estimated future land area required in the developed scenarios to sustain production of 

rice, maize, wheat, and berseem in Egypt from 2021 through 2050. Land-1 implies continuation of 

average crop yields. Land-2. 3, and 4 imply higher crop yields based on three potential improvements 

as explained in Section 4.2.7. 

The water quantities required from 2021 through 2050 to cultivate the four crops in each 

scenario, taking both the irrigation and conveyance efficiencies into account, are shown in Fig. 

4.8. Under the average scenario for CWP and T/AET, (Water-1 scenario) a total water quantity 

of 68 billion cubic meters (BCM) would be needed to sustain the production of the four crops 

by 2050. If we transition to higher CWP levels as in Water-2, Water-3, and Water-4 scenarios, 

the total water demand would decrease to 65, 63, and 61 BCM, respectively. When 

considering the combined influence of improvements of CWP and T/AET, the water demand 

by 2050 would decrease to 64, 61, and 59 BCM in Water-5, Water-6, and Water-7, 

respectively. In all scenarios, about 23%, 34%, 28%, and 15% of the total water demand are 

distributed among rice, maize, wheat, and berseem, respectively. For instance, the required 

68 BCM by 2050 in Water-1 scenario would be distributed between rice (15.5 BCM), maize 

(23.5 BCM), wheat (18.5 BCM), and berseem (10.5 BCM). 
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Fig. 4.8. The estimated future water quantities required in the developed scenarios to sustain production 

of rice, maize, wheat, and berseem in Egypt from 2021 through 2050. Water-1 implies continuation of 

average values of crop water productivity and transpiration fraction. Water-2, 3, and 4 imply higher 

values of crop water productivity. Water-5, 6, and 7 imply higher values of both crop water productivity 

and transpiration faction as explained in Section 4.2.7. 

4.4. Discussion 

4.4.1. Suitability of WaPOR datasets 

To assess the reliability of the WaPOR datasets used in this study, the derived values of 

performance indicators over Zankalon were compared to their counterparts reported in 

literature. The differences in research methodologies used, lengths of growing season, spatial 

and temporal coverage in each study are the main drivers for disparities between findings. 

4.4.1.1. Actual evapotranspiration 

Our study estimated 5-year average seasonal AET values for rice (807 mm/season), maize 

(660 mm/season), wheat (595 mm/season), and berseem (767 mm/season) in Zankalon. 

These values closely align with findings by El-Agha et al. (2011), who estimated AET of 779, 

740, 634, and 746 mm/season, for rice, maize, wheat, and berseem, respectively, utilizing 

remote sensing data during the 2008–2009 growing season in the central Nile Delta. Another 

study by El-Kilani and Sugita (2017) reported average AET values (2010–2014) from an 

experimental station in Zankalon of 667, 369, 431, and 366 mm/season, for rice, maize, wheat, 

and berseem, respectively. The significant disparity between the AET values reported by El-

Kilani and Sugita (2017) and our study can be attributed to the difference in the assumed 

length of the growing season. They assumed growing seasons of about 30 days shorter than 

our detected lengths. Nevertheless, this comparison implies the possible overestimation of 
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WaPOR’s AET values over Zankalon, in line with previous conclusions of WaPOR’s tendency 

to overestimate AET over small irrigated fields similar to Zankalon (Blatchford et al., 2020). 

4.4.1.2. Crop yield and water productivity 

The estimated yield and CWP values for wheat (6.3 t/ha and 1.05 kg/m3) and berseem (9.2 

t/ha and 1.2 kg/m3) compared well with reported values in other studies. For instance, El-Agha 

et al. (2011) reported yield of 6 t/ha and CWP of 1.05 kg/m3 for wheat in the central Nile Delta 

during 2008–2009, which closely match our estimated values. Moreover, based on CAPMAS 

data during 2016–2020, the average yield values for wheat and berseem were 6.4 and 10.4 

t/ha in the governorate of Sharkia where Zankalon is located. Our recorded yield value for 

berseem is also in close agreement with the 70 t/ha fresh yield (equivalent to 9.8 t/ha dry yield) 

reported by Dost et al. (2014). Additionally, Kheir et al. (2021c) calculated CWP for wheat of 

about 1.5 kg/m3 in Sharkia for the period 1991–2020. Swelam et al. (2022) estimated CWP of 

1.08 kg/m3 for wheat in the Delta’s old lands from 2015 to 2019. These comparisons reaffirm 

the validity and accuracy of WaPOR’s estimates of yield and CWP for winter crops in 

Zankalon. 

Our estimates of yield and CWP for summer crops in Zankalon, rice (1.45 t/ha and 0.18 kg/m3) 

and maize (1.8 t/ha and 0.27 kg/m3), revealed a substantial underestimation compared to 

values reported in other studies over the Nile Delta. To elaborate, our estimated yield values 

significantly deviate from the average value of 8.2 and 8.5 t/ha for rice and maize, respectively, 

obtained in Sharkia during the period 2016–2020 (CAPMAS, 2023). Consequently, the 

estimated CWP values for rice and maize in Zankalon are significantly underestimated. In the 

Nile Delta, El-Agha et al. (2011) estimated a CWP of 1.04 kg/m3 for rice during 2008–2009 

and Swelam et al. (2022) calculated CWP for maize of 0.95 kg/m3 during the period 2015–

2019. The underestimation of yield values is attributed to the concurrent underestimation of 

Net Primary Productivity (NPP) during the summer season (Fig. 4.2a). WaPOR’s NPP 

algorithm incorporates various stress factors, including soil moisture, vapor pressure deficit, 

and temperature. WaPOR’s notable underestimation of NPP for summer crops in hot arid 

areas is driven by the temperature stress, resulting in observed crop stress through NPP that 

does not align with the actual conditions on the ground (FAO, 2020b). Consequently, we 

regard WaPOR as unsuitable for estimating absolute values of yield and CWP for summer 

crops in irrigated arid regions similar to Zankalon. 
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4.4.2. Performance indicators 

4.4.2.1. Egypt’s stand on the global spectrum 

The average yields in Egypt of 9.0, 7.2, and 6.5 t/ha for rice, maize, and wheat, respectively, 

from 2016 to 2020 underscore Egypt’s standing among the world’s highest crop yield 

producers. During the same period, the global average yield for rice, maize, and wheat were 

notably lower at 4.6, 5.8, and 3.5 t/ha, respectively (FAOSTAT, 2023). Furthermore, the 

average national CWP values for wheat (1.3 kg/m3), rice (1.1 kg/m3), and maize (0.95 kg/m3) 

(Table 4.3), fall within the global high (≥ 1.10 kg/m3), medium (0.70 to 1.25 kg/m3), and low (≤ 

1.25  kg/m3) categories, respectively, as classified by Foley et al. (2020). While the Egyptian 

CWP for rice and wheat surpass the global average values for rice (0.95 kg/m3) and wheat 

(0.92 kg/m3), CWP for maize in Egypt remains significantly lower than the global average of 

2.25 kg/m3 (Bastiaanssen and Steduto, 2017). While these comparisons highlight Egypt’s 

exceptional crop yield performance and relatively efficient water use practices in the cultivation 

of rice and wheat, they unravel the potential to improve CWP of maize, through optimizing 

maize’s water use as the driver for the low CWP values in Egypt. 

The estimated T/AET values of cropland in Zankalon (0.79 ≤ T/AET ≤ 0.84) are notably 

positioned on the higher spectrum of reported T/AET values in literature. For instance, T/AET 

values stand at 0.66–0.72 over croplands globally (Wang-Erlandsson et al., 2014; Wei et al., 

2017), and at 0.67 (±0.04) for maize, 0.65 (±0.07) for wheat, and 0.57 (±0.02) for rice over 

typical croplands in North America, Europe and Asia, as reported by Jiang et al. (2020). 

4.4.2.2. Performance variation and potential for improvements in Zankalon 

The findings presented in Section 4.3.1 reveal the limited spatial and temporal variation 

observed for the studied crops and indicators in Zankalon. For instance, according to Molden 

and Gates (1990), spatial variation as expressed by the coefficient of variation of AET (spatial 

CV), also known as the uniformity indicator of water use (Karimi et al., 2019), of 0–10%, 10–

25%, and > 25% imply good, fair, and poor uniformity in water use, respectively. In Zankalon, 

spatial CV values of AET for all crops were between 7 and 13%. Similarly, the limited 

interanuual variation of the studied indicators and crops in Zankalon is close to that of all 

cropland in Egypt (temporal CV < 10%) (Ayyad and Khalifa, 2021). This suggests a high 

degree of stability of performance indicators over time and across the fields. 

The percentile analysis is a valuable tool for determining which crops and performance 

indicators should be prioritized when planning interventions. The findings in Section 4.3.2 

serve as pivotal entry points for guiding interventions and investments to enhance crop 
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production and conserving vital water and land resources. For instance, when examining 

results of T/AET, it becomes evident that there is limited potential for improvement, as the 

values were notably high, i.e., achieving the 95% percentile values translates to only 2–4% 

improvements. Therefore, focusing on enhancing T/AET may be less pressing than other 

potential interventions. On the contrary, striving to reach the 95% percentile values for CWP 

and crop yield emerges as a more compelling course of action (improvements of 9–14% for 

CWP and 16–27% for yield). In general, implementing interventions to improve performance 

indicators, i.e., achieving higher percentile values, will benefit more the summer (rice and 

maize) than the winter crops (wheat and berseem) at the same percentile level. These findings 

emphasize the potential for crop intensification in Zankalon. 

4.4.3. What can Egypt do? 

The projected future demand for the studied crops in this study, along with the associated 

water and land requirements to sustain their production, confirm conclusions made by relevant 

studies indicating the forthcoming challenge for Egyptian decision makers (Asseng et al. 2018; 

Abdelkader et al. 2018; Abdelaal and Thilmany 2019; Ayyad and Khalifa 2021; Nikiel and 

Eltahir 2021). To further explain, the estimated total water demand of the four crops by 2050 

in the most optimistic scenario of 59 BCM is equal to the annual total renewable freshwater of 

the country. Similarly, the optimistic 5.3 Mha of harvested area required to sustain production 

of the four crops by 2050 translates to 78% of the country’s total harvested area (CAPMAS, 

2023). However, our findings highlight the potential for conserving 9 BCM of water and 1.1 

Mha of land by implementing highly efficient scenarios. In this section, we propose a set of 

strategies to enable Egypt coping with the future challenge of sustaining supply of these crops 

with its limited natural resources. Since our findings essentially indicate the gap between the 

supply capacity and demand for the four crops, the following discussion focuses on possible 

interventions on the supply and demand sides to minimize this gap. These interventions are 

grouped to target (i) improving the productivity of farming systems (crop supply side and 

demand for resources), (ii) curbing the continuous rise in crop demand (crop demand side), 

and (iii) broader interventions (resources management). 

4.4.3.1. Improving productivity of farming systems 

Our findings indicate the existing opportunity to enhance crop yield and water productivity of 

the four crops by achieving higher existing levels. Adopting appropriate crop management 

practices can enable improve the crop yield and water productivity, and thus help close the 

gap between the average and potential levels. This is particularly crucial for maize and wheat 

as the most demanding crops for water and land by 2050. 
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For instance, efficient deficit irrigation strategies can improve yield and water productivity of 

maize in Egypt (e.g., Attia et al., 2021; El-Sanatawy et al., 2021). Farming practices including 

weed control (Saudy and El–Metwally, 2023), seed priming (El-Sanatawy et al., 2021),  partial 

soil drying and organic mulching (Abdelraouf and Ragab, 2018), double ridge-furrow planting 

technique (Abd El-Halim and Abd El-Razek, 2014), silicate foliar application and optimal 

irrigation intervals (Gomaa et al., 2021; Kandil et al., 2023) can also increase yield and water 

productivity of maize. Adjusting the sowing dates based on the specific location reportedly 

improves maize productivity (Abaza et al., 2023). In particular, raised beds appear to be an 

important strategy that could save about 20% of applied water in maize cultivation (Elmahdy 

et al., 2023). 

The use of raised beds is also valuable in irrigated wheat fields, which has been shown to 

reduce water consumption and increase yield by up to 25% (Alwang et al., 2018; Rady et al., 

2021; Yigezu et al., 2021a). Deficit irrigation and nitrogen applications can maximize wheat 

yield and water productivity (Kheir et al., 2021b, 2021c). The use of drip irrigation and compost 

applications positively impacts yield and water productivity of wheat in newly reclaimed sandy 

soils (Alshallash et al., 2023). Under stress and saline conditions, the use of salicylic acid 

improves wheat yield and water productivity (Hafez and Farig, 2019). Different irrigation 

strategies and frequencies are considered the most yield-effective production factor, 

explaining nearly 40% of the yield variability in parts of the Delta’s old lands (Abdalla et al., 

2023). The use of tridimensional uniform sowing mode and the development of wheat varieties 

that are resistant to rusts and abiotic stress could further enhance future wheat yield 

(Abdelmageed et al., 2019).  

Using wide furrows for rice cultivation can improve rice yield and water productivity (Mahmoud 

et al., 2016). Substituting some cultivars with high-yielding and water-saving ones has the 

potential to increase land productivity by up to 23% (Mehana et al., 2021) and save up about 

20% of irrigation water (Elmoghazy and Elshenawy, 2019). For berseem, the choice of 

cultivars, cutting management, sowing date, fertilizer applications, and mixture with other 

crops can significantly improve the yield (Dost et al., 2014; Salama, 2020; Salama et al., 2020). 

In general, appropriate crop rotations in the Egyptian farming systems can improve crop 

growth and productivity (Abdalla et al., 2023; Said et al., 2016; Salama et al., 2021). 

4.4.3.2. Curbing the continuous rise in crop demand 

The rise in crop demand estimated in this study is mainly a function of population growth and 

dietary preferences. On the one hand, bending the population growth curve will help reducing 

the future demand for all crops and their associated water and land requirements in Egypt. 
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We calculated future crop demands based on the medium fertility variant, projecting a 

population of 159 million capita by 2050. Following the milder population growth scenario of 

low fertility variant at 147 million capita (United Nations, 2023b) would reduce the demand for 

crops and their associated water and land requirements by about 8%. One the other hand, 

promoting changes in dietary habits appear as a reasonable response to lessen the heavy 

reliance on the four studied crops. For example, the high demand for maize and berseem is 

due to their use as animal feed for meat production. Therefore, a gradual change in the dietary 

patterns, by transitioning from the current meat-based to a more plant-based diet, presents 

opportunities to reduce future demand for these crops in Egypt (Abdelkader et al., 2018; Nikiel 

and Eltahir, 2021; Terwisscha van Scheltinga et al., 2021). Another opportunity to conserve 

water and land resources is represented by the substitution of portions of major cereal crops, 

particularly wheat. For instance, portions of wheat flour can be substituted with less water-

intensive alternatives when producing staple commodities such as the Egyptian Balady bread 

(Soliman et al., 2019). Furthermore, changing dietary preferences would allow for wider crop 

substitution scenarios towards reducing the high dependency on water-intensive crops. 

Examples include the substitution of wheat and rice with less water-intensive crops such as 

millet and sorghum, without compromising the nutritional values (Chakraborti et al., 2023; 

Davis et al., 2018). 

4.4.3.3. Broader interventions 

There exist further opportunities to bridge the gap between resources availability and demand 

in Egypt. For instance, reducing food waste and losses can mitigate the high crop demand 

and associated resources. According to Yigezu et al. (2021b), Egypt experiences particularly 

high losses and wastage in wheat, accounting for around 20% of both domestically produced 

and imported wheat. Eliminating part of these losses would conserve water and land required 

to sustain domestic production. 

While our results indicate relatively high values for performance indicators in Egypt, there is 

still room for improvement in both field and conveyance efficiencies of 70 and 85%, 

respectively, adopted in our analysis (Brouwer et al., 1989). Initiatives aimed at replacing 

traditional irrigation methods with modern systems and rehabilitation of irrigation canals to 

improve the overall system efficiency should continue. Nevertheless, risks of increased soil 

and groundwater salinity and reduced groundwater recharge should be considered. Although 

the Nile will continue to serve as Egypt’s primary source of freshwater, the increasing water 

demand necessitates the exploration of non-conventional water resources. Domestically, 

Egypt should intensify its efforts in water reuse, wastewater treatment, and desalination. 
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Exploiting non-renewable groundwater resources should be approached cautiously to avoid 

further groundwater depletion and salinization (El-Agha et al., 2023). 

Except for berseem, Egypt is currently a net importer of the studied cereal crops (FAOSTAT, 

2023). Given the expected continuation of cereal imports, Egypt should critically assess its 

trade activities, evaluating not only the feasibility, efficiency, and profitability of producing its 

major cereals domestically but also scrutinizing existing trade partnerships. For example, 

berseem and at least 20% of maize domestic productions are used as animal feed in Egypt 

(FAOSTAT, 2023), and reducing the domestic production of these crops can conserve water 

and land resources. Instead of allocating about 14 BCM of water and 1.3 Mha of harvested 

land to sustain berseem and maize production used for meat production by 2050 as estimated 

herein, Egypt could import part of its meat demand from neighboring countries such as Sudan 

and Ethiopia. This approach not only can conserve water resources and free up fertile land 

but also presents an opportunity to foster mutually-beneficial ties with Nile riparian nations 

(Ayyad and Khalifa, 2021; Nikiel and Eltahir, 2021). Collaborating with the Nile countries 

should further aim at enhancing the low crop yield and water productivity of cereal crops 

coupled with transboundary trade (Ayyad and Khalifa, 2021; Siderius et al., 2016; Zeitoun et 

al., 2010), and minimizing water losses across the entire basin that can consequently increase 

blue water availability for irrigation downstream the Nile. 

4.4.4. Methodological learnings 

One of the novel contributions of this study is the developed methodological approach, which 

is also beneficial to other regions with similar conditions to Egypt. We demonstrated how 

integrating multiple types of open-access datasets in data-scare regions, including remote 

sensing and crop statistics with different spatial and temporal coverages, can help quantify 

potential improvements in water savings and crop yields and, subsequently, provide future 

outlook of water and land demand for crop production in data-scarce regions. Primary datasets 

required to carry out the analysis include historical and forecasted population time series, crop 

statistics, crop parameters, and multiple remote sensing datasets. Population time series and 

national crop statistics required to assess production and consumption patterns as well as to 

construct future scenarios are available for almost all countries and territories in the globe 

(FAOSTAT, 2023; United Nations, 2023b). Ideally, crop parameters should be specific to the 

location and varieties under study. If exact values for parameters are not available in the study 

region, the use of average values from other regions with similarities to the study region may 

be justified. A plethora of remote sensing products to estimate crop yield and water productivity 

are available, with varying spatial and temporal resolutions, time and geographical coverages, 
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and performance quality (Blatchford et al., 2019). However, the minimum requirement to 

conduct such crop-specific exercise is the availability of a crop type layer that distinguishes 

between crop types and seasons. This layer is often unavailable since crop type information 

has been traditionally obtained from expensive and time-demanding field surveys to conduct. 

Even when a crop layer is available, it is likely to be limited to space and time, hindering its 

use in multi-season assessments. The WaPOR’s crop type layer used herein is also available 

for a number of irrigated areas in other countries, e.g., Sudan, Lebanon, Ethiopia, Mali, 

Rwanda, Senegal, and Sri Lanka, covering the period from 2009 to present. An alternative to 

the ready-to-use crop type layers by WaPOR or similar initiatives, researchers can use remote 

sensing techniques to self-produce crop type maps (Joshi et al., 2016; Kluger et al., 2021; 

Orynbaikyzy et al., 2019). The choice of specific remote sensing products required to conduct 

such exercise depends on the accessibility to the product, the purpose of the study, the spatial 

and temporal coverages, and the performance quality of the product over the specific study 

area. Should the product produce systematic over- or underestimates of certain parameters, 

we recommend adopting our approach of relying on the relative than the absolute values when 

conducting the analysis, i.e., estimating potential improvements in percentage as the ratio of 

the higher to average values in the area under investigation. 

4.4.5. Limitations and future research 

We attempted to collect representative values of crop parameters used in the analysis from 

literature (Table 4.2), of which some were not available from Egypt and were thus collected 

from other arid regions. However, crop parameters can vary between locations and varieties, 

and it is recommended to use locally calibrated values when utilizing the methodological 

approach of this study in future research and application. Although we deemed Zankalon as 

a suitable and representative case to detect performance variation and potential 

improvements, it is important to acknowledge that this assumption may not fully align with the 

spatio-temporal heterogeneities on the ground across the country, and there could be 

variations beyond what our analysis captured. Our analysis focused on four major crops, 

however, it would be helpful to expand the analysis to include as many crops as possible. To 

do so, there is a need for operational and temporally dynamic crop type maps covering partly 

or fully the cropland extent. Although not included in our analysis, climate change will impact 

the demand for resources and supply capacity in Egypt. Future assessments may include 

climate change impacts on crop water requirements, crop productivity, sea level rise, saltwater 

intrusion, and future Nile water availability and variability. Future assessments may also 

investigate scenario of crop substitution, dietary change, and adjusting trade portfolio. 
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4.5. Conclusion 

In Egypt, approximately half of annually harvested areas and renewable freshwater are 

allocated for cultivating rice, maize, wheat, and berseem clover. Given the limited resource 

availability in the country, it is imperative to understand the potential improvements in the 

production of these crops and associated water and land requirements. We used the case 

study of Zankalon to explore the potential improvements of cultivating these major crops in 

Egypt. Given the scarcity of ground data in Egypt, our methodology relied on high-resolution 

datasets of WaPOR to benchmark performance indicators and quantify potential 

improvements in Zankalon, namely crop yield, water productivity, and transpiration fraction. 

Subsequently we used the potential improvements and national statistics to develop scenarios 

of future demand for water and land to sustain production of these crops from 2021 through 

2050 in Egypt. 

WaPOR demonstrated reasonable quality in estimating performance indicators for winter 

crops in Zankalon. However, a significant underestimation of yield and water productivity for 

summer crops was observed. Thus, we do not recommend relying on WaPOR for estimating 

absolute values these indicators for summer crops in irrigated arid regions similar to Zankalon. 

Our findings revealed the anticipated challenge for Egypt to secure sufficient resources, 

particularly water, to sustain production of the four crops by 2050. Maize and wheat would be 

the most demanding crops for water and land resources, followed by rice and berseem. 

Although the findings suggest a relatively good production performance of these crops, they 

also show that there is room for improvement. In general, the implementation of interventions 

to improve production efficiency would result in more significant production improvements for 

rice and maize than for wheat and berseem. 

We discussed potential interventions to improve productivity of these crops through 

appropriate crop management practices. The high demand for crops estimated herein is 

mainly driven by the rapid population growth and the high reliance on specific crops. Thus, it 

is essential to curb the continuous rise in crop demand, either by bending the population 

growth curve or by promoting change in dietary patterns. Further interventions such as 

improving field and conveyance efficiencies, crop substitution, reduction of food losses, 

intensifying use of non-conventional water resources, and revisiting water allocation and trade 

strategies, can help Egypt bridging the gap between its food demand and supply capacity. 
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5. The Eastern Nile countries (Egypt, Sudan, and Ethiopia) 

This chapter is published as: 

Ayyad, S., Khalifa, M., 2021. Will the Eastern Nile countries be able to sustain their crop 

production by 2050? An outlook from water and land perspectives. Science of the Total 

Environment 775, 145769. https://doi.org/10.1016/j.scitotenv.2021.145769 

Abstract 

Securing agricultural commodities for a growing population requires a paradigm shift in 

agricultural thinking. An appropriate agricultural development pathway should be determined, 

which may include larger land extensions and water consumption or more intensive use of 

smaller extensions and optimized water use. This study addresses this question in the Eastern 

Nile Basin countries (ENC), namely Egypt, Sudan, and Ethiopia, where such research is 

scarce. We utilized open-source datasets, based on relevant remote sensing products and 

agricultural statistics (harvested area, production, yield, and water footprint [WFP]), to 

understand the spatio-temporal variability of cropland performance. The study proposes a 

scenario-based approach that evaluates four development pathways towards sufficient crop 

production by 2050 in the ENC. While the extensification pathway suggests a continuation of 

the business-as-usual, i.e., same current WFP and average yield values (horizontal scenario), 

three intensification pathways assume that increased efficiency can improve WFP and yield 

values (vertical scenarios). Results show that substantial amounts of water and land could be 

saved by 2050 by following the vertical development pathways. Nonetheless, the three 

countries, especially Egypt, are expected to face enormous challenges to satisfy their future 

demand for the main crops by 2050. Our research provides key messages to promote 

cooperation and benefit-sharing between the three countries by following a regional benefit-

sharing approach to the challenge. The findings of the current study have deep implications 

on sustainable natural resources development and water and food security in such a vital and 

conflicted region. 

5.1. Introduction 

Future population growth is expected to increase pressure on agricultural systems to produce 

more commodities. This anticipated increase in food demand would significantly escalate the 

use of natural resources, especially water and land. Climate and its variability pose additional 

challenges to agricultural systems. Due to factors including rising temperatures, erratic 

precipitation, and increasing frequency of extreme events, such as droughts and floods, many 
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regions worldwide will likely experience depressed yields (Tubiello and Fischer, 2007), 

possibly turning agriculture into a riskier endeavor and consequently endangering food 

security. Thus, a paradigm shift is needed to build water resilience in agriculture (Rockström 

et al., 2009) and produce more from the same area of cultivated land (Cosgrove and Loucks, 

2015; Duncan et al., 2015). 

While many countries in Oceania, Western and Northern Europe, North and South America, 

and South-East Asia noticeably improved agricultural productivity in recent decades (Licker et 

al., 2010; Pradhan et al., 2015), poor performance persists in many other regions, notably sub-

Saharan Africa (van Ittersum et al., 2016). Examples of poor agricultural performance have 

been observed in Sudan (Al Zayed et al., 2015), Southern Africa (Mango et al., 2017; Rusere 

et al., 2019), Pakistan (Muzammil et al., 2020), China (Zhang et al., 2017), and Brazil (Rada 

et al., 2019). The low efficiency of agricultural systems in many regions indicates the enormous 

potential for increased crop production from the same cultivated lands. Therefore, improved 

efficiency, combined with minimized natural resource use, may significantly contribute to 

solving the expected future global food crisis (Foley et al., 2011). To this end, spatio-temporal 

information regarding the potential for crop yield improvement and water-saving is 

fundamental. Such knowledge is not always available, especially in developing countries. 

Therefore, assessments based on public-domain data, which involve spatial and temporal 

dimensions and provide future outlooks, can play an essential role in addressing the current 

challenge and contribute crucial knowledge needed to investigate the optimal sustainable 

development pathways. 

Recent developments in satellites and remote sensing techniques have made it possible to 

more accurately quantify precipitation (P), net primary productivity (NPP), and actual 

evapotranspiration (AET) with an adequate spatial and temporal resolution. As a result, we 

can comprehensively investigate the water use efficiency (WUE) and crop water productivity 

(CWP), which are informative indicators for assessing agricultural land performance. Despite 

this considerable advancement in the field, creating useful knowledge from this continuously 

accumulated big data represents (i) an opportunity as it offers exceptional spatial and temporal 

coverage and (ii) a challenge due to the uncertainty involved in such satellite-based data. 

Nevertheless, converting this big data into useful knowledge is vital (Sudmanns et al., 2019). 

Like many regions around the world, the Eastern Nile Basin countries (hereafter, ENC), i.e., 

Egypt, Sudan, and Ethiopia, plan to expand their irrigated agriculture projects to respond to 

the increasing demand for food production (Awulachew et al., 2007; Blackmore and 

Whittington, 2008; Hamouda et al., 2009), which will require additional water and land 

resources. Among the planned developments are large water infrastructure projects for both 
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the development of hydropower generation and to meet the water demand of future irrigated 

areas. However, such unilateral plans could aggravate the hydro-political tension among the 

ENC. In addition, the region is expected to experience vulnerabilities in the future due to 

climate change (Baldassarre et al., 2011; Siam and Eltahir, 2017), which could potentially 

jeopardize its agricultural systems. These issues position the ENC countries to require all 

future developments to (i) fulfill the demand of a growing population, (ii) maintain the 

transboundary peace, and (iii) demonstrate resilience to expected climatic variabilities. 

Achieving such complex development requires a proper quantification of the available 

resources as well as consumption patterns and future demands. 

Numerous studies have been conducted on the ENC mainly—but not exclusively—to (i) 

assess the potential for regional cooperation and conflict management (e.g., Al-Saidi and 

Hefny, 2018; Amer et al., 2005; Jeuland et al., 2017; Mason et al., 2009; Motlagh et al., 2017; 

Tawfik, 2019), (ii) analyze treaties and legal frameworks (e.g., Ferede and Abebe, 2014; 

Salman, 2013), and (iii) explore cooperative dam operation and streamflow scenarios and 

perform hydrological modeling for the basin (e.g., Arjoon et al., 2014; Basheer et al., 2018; 

Bastiaanssen et al., 2014; Digna et al., 2017; Goor et al., 2010; Mengistu and Sorteberg, 2012; 

Wheeler et al., 2016, 2018; Zhang Ying et al., 2015). Over the last decade, only few studies 

have investigated future scenarios of expanding irrigation schemes (Awulachew et al., 2012), 

improving irrigation efficiency (Multsch et al., 2017), changing contribution of green and blue 

water for food production (Sulser et al., 2010), and maximizing hydro-economic benefits 

(Siderius et al., 2016) in the entire Nile Basin. To the best of our knowledge, no studies have 

either examined the spatio-temporal variation of WUE and CWP throughout the ENC or 

quantitatively assessed future development scenarios regarding the required water and land 

resources towards sufficient crop production in the three riparian countries. 

The overarching aim of this research is to determine the agricultural development pathway 

that optimizes water conservation, land savings, and crop production. The ultimate goals are 

to (i) understand the ENC spatio-temporal variation in cropland area, P, NPP, AET, WUE, and 

CWP; (ii) assess the potential for crop production and water and land savings; (iii) provide a 

future outlook on the required water and land resources of different agricultural development 

pathways by 2050. The results provide a holistic overview of the anticipated deficit in water 

and/or land resources in each scenario and, subsequently, recommendations for achieving a 

more sustainable agricultural development pathway in the ENC. This research contributes 

directly to our understanding of the potential to achieve several Sustainable Development 

Goals (SDGs) (United Nations, 2015) in the ENC, specifically SDG 2.3 (doubling agricultural 
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productivity), SDG 6.4 (increasing water use efficiency), and SDG 12.2 (sustainable 

management and efficient use of natural resources). 

The current research’s novel contribution is in providing quantitative water and land use 

estimates for the development pathways. Despite the intuitive understanding that 

intensification in agriculture is more feasible than extensification, no previous study has 

characterized this quantitatively on the ENC scale. Our study also demonstrates novel 

versatility in method and data utilization. Using remote sensing to understand the spatio-

temporal variation in climatic variables, vegetation productivity, WUE, and CWP provides 

unprecedented spatial and temporal coverage that is not possible via in-situ measurements. 

This coverage could advance our understanding of the prospects for improvements and guide 

the selection of the most appropriate development scenario. 

5.2. Materials and methods 

5.2.1. Study area 

The Eastern Nile Basin has an area of 1.7 x 106 km2 and extends over five countries: Egypt, 

Sudan, Ethiopia, Eritrea, and South Sudan (Fig. 5.1). We limit the scope of the current analysis 

to Egypt, Sudan, and Ethiopia, as water withdrawal in the agricultural sector in South Sudan 

and Eritrea is negligible compared to that in the other three countries. Agriculture is not only 

the primary source for livelihood and food production in the three riparian countries but also 

the primary water user. Specifically, water withdrawals for agriculture account for nearly 79%, 

96%, and 92% of the total water withdrawals in Egypt, Sudan, and Ethiopia, respectively 

(AQUASTAT, 2016). While the agricultural system solely uses irrigation in Egypt, both irrigated 

and rainfed agriculture are practiced in Sudan and Ethiopia. Cereal crops, such as wheat, 

maize, sorghum, millet, and teff, dominate the cultivated cropland and provide the major 

percentage of daily calories for the ENC people. 

Water scarcity is a common issue in the ENC. Based on the total renewable blue water 

resources (AQUASTAT, 2016) as well as the current and forecasted population (medium-

fertility variant) of the three countries (United Nations, 2023b), the per capita share of blue 

water resources is currently characterized as “stressed” in Sudan (≈ 880 m3 cap-1) and Ethiopia 

(≈ 1100 m3 cap-1) and as “scarce” in Egypt (≈ 570 m3 cap-1), with predicted values of 465, 595, 

and 360 m3, respectively, per capita by 2050,  implying absolute scarcity. 
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Fig. 5.1. Location map of the Eastern Nile Basin with main tributaries and dams in Ethiopia, Sudan, and 

Egypt. The spatial distribution of rainfed and irrigated croplands in three countries is derived from the 

ESA-CCI land cover product. 

5.2.2. Definition of agricultural terms 

5.2.2.1. Water use efficiency (WUE) and crop water productivity (CWP) 

In its broadest sense, WUE reflects multiple ecosystem functions and is defined as the ratio 

of plant carbon assimilation to water consumption (Fischer and Turner, 1978; Rosenberg et 

al., 1983). Scholars adapted the WUE concept to develop the CWP concept, defined as the 

ratio of net benefits produced, such as crop yield or economic returns, to the required water 
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quantity to produce those benefits (Molden et al., 2010, 2003). Depending on the nature of the 

research, WUE components can be defined in several ways (Fernández et al., 2020). In this 

study, we adopt the CWP and WUE concepts. While the former is estimated through grain 

yield and AET, in the latter, plant carbon assimilation (biomass) is quantified by the NPP, and 

water consumption is represented by AET. 

5.2.2.2. Water footprint (WFP) and crop yield gap 

The concepts of WFP and crop yield gap are essential indicators for understanding the water-

food nexus. Both concepts have received considerable attention in recent decades (Hoekstra 

et al., 2011; Lobell et al., 2009). WFP is defined as “the total volume of freshwater that is used 

directly or indirectly to produce the product” (Hoekstra et al., 2011; p.46). The WFP of a 

product can contain green (rainwater stored in the soil), blue (surface and groundwater), and 

gray (freshwater to assimilate the load of pollutants) waters. Therefore, it can act as a good 

indicator of water usage in agricultural production systems. WFP differs widely in spatial and 

temporal domains. According to Mekonnen and Hoekstra (2011), WFP varies among crops: 

the global average WFP of cereal crops is approximately 1,644 m3 ton-1, while for coffee, the 

WFP can reach up to 24,700 m3 ton-1. 

The crop yield gap describes the difference between what growers are potentially able to 

produce for a given crop (potential yield) and what is actually obtained (actual/attainable yield) 

(Mueller et al., 2012). The magnitude of crop yield gap varies considerably around the world 

and under different agricultural systems. This phenomenon is widespread in all crops and all 

regions of Africa (Tittonell and Giller, 2013). Identifying the causes of the yield gap is essential 

to close this gap (Lobell et al., 2009). Generally, fertilizer use, irrigation, and climate are the 

most influential factors on yield, and managing water resources and nutrients can potentially 

help to bridge this gap (Mueller et al., 2012). 

5.2.3. Data 

5.2.3.1. Remote sensing datasets 

To achieve the study objectives in such a data-scarce region, we utilized several remote 

sensing datasets. These datasets were used to explore the spatio-temporal variability of 

cropland performance by analyzing products for land cover, P, NPP, and AET, and 

subsequently, producing a time series and mapping the WUE throughout the ENC. Using 

remote sensing datasets adds a spatial component to the analysis of these indicators, which 

is not only useful for such assessment across the countries but also facilitates comparison 

within each country. Specific products were selected based on the availability of extensive 



Chapter 5                                                                                             The Eastern Nile countries                                                       
 

73 

spatial and temporal coverages and accessibility through public-domain sources (Table 5.1). 

The selected datasets were downloaded for the available common period of all studied 

indicators (2003–2018) and were processed using ArcGIS 10.7 software (ESRI, 2019). 

Table 5.1. Description of remote sensing datasets used in the current research (P = Precipitation, AET 

= Actual evapotranspiration, NPP = Net primary productivity). 

Dataset Product Spatial and temporal 

resolution 

Download website 

Land cover ESA-CCI 300 m; Annual https://www.esa-landcover-cci.org/  

Land cover MCD12Q1 500 m; Annual https://lpdaac.usgs.gov/products/mcd12q1v006/ 

Land cover WaPOR 250 m; Annual https://wapor.apps.fao.org/home/WAPOR_2/1 

P CHIRPS 5 km; Annual https://www.chc.ucsb.edu/data/chirps 

AET SSEBop 1 km; Annual https://earlywarning.usgs.gov/fews 

NPP MOD17A3 500 m; Annual https://lpdaac.usgs.gov/products/mod17a3hv006/ 

5.2.3.2. Land cover dataset 

A land cover dataset was needed to delineate the cropland before analyzing the indicators 

listed in Section 5.2.3.1. We analyzed three land cover datasets: (1) the European Space 

Agency Climate Change Initiative with 300 m spatial resolution (ESA-CCI; ESA, 2017), (2) the 

Terra and Aqua combined MODIS Land Cover dataset version 006 (1000 m) (MCD12Q1; 

Friedl et al., 2010), and (3) the FAO portal to monitor WAter Productivity through Open-access 

of Remotely sensed derived data with a spatial resolution of 250 m (WaPORv2.1; FAO, 2018). 

Detailed information about different land cover classes of each product and their 

corresponding ID numbers and descriptions can be found in the corresponding data sources. 

The selected classes from each product to delineate cropland in each country are presented 

in Table 5.2. After extracting the cropland areas from the three products (2009–2018), we 

compared them temporally with available data on cropland areas from FAOSTAT (FAOSTAT, 

2018) and national statistics agencies in each country: (1) the Central Agency for Public 

Mobilization And Statistics (CAPMAS) in Egypt (CAPMAS, 2020), (2) the Central Bureau of 

Statistics (CBS) in Sudan (CBS, 2020), and (3) the Central Statistical Agency (CSA) of 

Ethiopia (CSA, 2020). Spatially, our comparison was guided by the Global Food Security 

Analysis-Support Data (GFSAD) product with a 30 m resolution only available for the year 

2015 (https://www.croplands.org/app/map). Based on the results of these comparisons, one 

land cover product was selected, and land cover maps were produced and used in the analysis 

of P, NPP, AET, and WUE. For consistency, all products were resampled to a unified spatial 

resolution of the best-performing land cover product, using the “nearest neighbor" method to 

minimize the loss of any information. 

https://www.esa-landcover-cci.org/
https://lpdaac.usgs.gov/products/mcd12q1v006/
https://wapor.apps.fao.org/home/WAPOR_2/1
https://www.chc.ucsb.edu/data/chirps
https://earlywarning.usgs.gov/fews
https://lpdaac.usgs.gov/products/mod17a3hv006/
https://www.croplands.org/app/map
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Table 5.2. The selected land cover classes from each product to represent cropland in the ENC. 

Country Product 

ID WaPOR ID ESA-CCI ID MCD12Q1 

Egypt 41 Cropland, rainfed 10 Cropland, rainfed 12 Croplands 

42 Cropland, irrigated 20 Cropland, irrigated 14 Cropland/natural vegetation 

30 Cropland/natural vegetationa 10 Grasslandsa 

Sudan & 

Ethiopia 

41 Cropland, rainfed 10 Cropland, rainfed 12 Croplands 

42 Cropland, irrigated 20 Cropland, irrigated 14 Cropland/natural vegetation 
a According to Ayyad et al. (2019), three vegetation classes from MCD12Q1 are selected to detect the 

full extent of cropland in Egypt. Similarly, we selected three classes from ESA-CCI that cover the same 

extent. 

5.2.3.3. Precipitation 

Since our study investigates both irrigated and rainfed croplands, a proper quantification of 

precipitation over the two types is required. We used the Climate Hazards group InfraRed 

Precipitation with Station data (CHIRPSv2.0) global annual product with 5 km spatial 

resolution. The product is developed by the United States Geological Survey (USGS) and the 

Climate Hazards Group of the University of California to support the Famine Early Warning 

Systems Network (FEWS NET) (Funk et al., 2015). CHIRPS 2.0 is a blended dataset that 

combines information from remote sensing and ground observations from several public and 

private sources. This product was evaluated in several studies within the Nile Basin and 

showed excellent performance in estimating precipitation (Ayehu et al., 2018; Dinku et al., 

2018; Gebremicael et al., 2017; Nashwan et al., 2019). The annual precipitation maps were 

clipped to the spatial extent of cropland and time series were produced for each country 

(2003–2018). 

5.2.3.4. Net primary productivity 

The study employed the NPP annual product provided by Terra MODIS (MOD17A3) version 

006 (Zhao et al., 2005). The MOD17A3 has been utilized in several regions in Africa (Abdi et 

al., 2014; Khalifa et al., 2018). The product offers global coverage at a spatial resolution of 

500 m. We created annual NPP maps and time series (in g carbon m-2) from 2003 to 2018 for 

each country. 

5.2.3.5. Actual evapotranspiration 

We used the AET product acquired from the FEWS NET. This dataset was developed by the 

USGS Earth Resources Observation and Science (EROS) Center and derived from the 

Operational Simplified Surface Energy Balance algorithm (SSEBop), initially developed by 

Senay et al. (2013). Data of version 4 of this product are available at a spatial resolution of 1 

km and in 10-day, monthly, and annual timesteps. The annual product was used herein to 
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quantify the total annual agricultural water consumption. The performance of the SSEBop 

product was recently evaluated and demonstrated high performance in estimating AET over 

Egypt (Ayyad et al., 2019) and Africa (Weerasinghe et al., 2020). We produced annual AET 

maps and time series (2003–2018) for the three countries. 

5.2.3.6. Datasets used in scenario development 

To build future scenarios, we need to understand and calculate the trends in production and 

consumption patterns. Thus, historical data of population estimates and crop statistics, i.e., 

cultivated area, yield, and production quantities, are needed. For each country, we used the 

historical and forecasted time series for the total population (low, medium, and high-fertility 

variants) from 1993 to 2050 (United Nations, 2023b). The crop statistics were collected from 

the FAOSTAT database between 1993 and 2018 (FAOSTAT, 2018). FAOSTAT collects data 

on crop production and harvested area through devoted annual questionnaires to official 

national sources. However, due to the absence of some data in some years, official data are 

sometimes supplemented with data from unofficial sources and information supplied by other 

national or international agencies. The majority of the data we obtained from FAOSTAT are 

described as official data, except for a few years—particularly in Sudan—reported as unofficial 

figures. To ensure the utilized numbers were of reasonable quality, we compared the obtained 

crop statistics from FAOSTAT to their counterparts from each country’s national central 

agency, i.e., CAPMAS in Egypt, CBS in Sudan, and CSA in Ethiopia. Crop statistics of 

CAPMAS (2004–2017) were only available for wheat, rice, cotton, and sugarcane and showed 

nearly identical numbers to those provided by FAOSTAT. Likewise, FAOSTAT crop statistics 

were similar to those of CSA in Ethiopia (2001–2012). When comparing them at the annual 

scale, the CBS data on crop statistics in Sudan showed some inconsistencies, in some years, 

with FAOSTAT data. However, the multi-year average values from the two datasets were 

found to agree. The period (1993–2018) was selected because Eritrea became independent 

from Ethiopia in 1993. For the period 1993–2011, FAOSTAT provides data for former Sudan 

(Sudan + South Sudan), which were used to represent Sudan solely in the present study. 

We selected 25, 14, and 24 crop types in Egypt, Sudan, and Ethiopia, representing 90%, 97%, 

and 96% of all cropping areas in the three countries, respectively. Based on our analyses of 

the datasets obtained from FAOSTAT, the selected cereal crops dominate the cropping areas 

with 59%, 67%, and 67% in Egypt, Sudan, and Ethiopia, respectively. In Egypt, the average 

harvested areas (1993–2018) of selected pulses, vegetables, fiber crops, oil crops, roots and 

tubers, fruits, and sugar crops represent 2.3%, 7%, 4.7%, 2.1%, 2.4%, 7.5%, and 4.7% of all 

cropped area in the country. Similarly, the selected pulses, vegetables, fiber crops, oil crops, 
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roots and tubers, and sugar crops form 1.8%, 0.3%, 1.1%, 25.3%, 0.5%, and 0.5% of the 

cropped area in Sudan. In Ethiopia, the studied pulses, vegetables, fiber crops, oil crops, roots 

and tubers, coffee, and pimento constitute 10%, 1.4%, 2.7%, 4.8%, 5.8%, 3.1%, 0.6% of the 

cropped area. A detailed list of the selected crops in each country is in Appendix B, Table B1. 

Time series (1993–2018) of crop statistics, i.e., production, harvested area, and yield, were 

created for all selected crops. 

The average WFP values (1996–2005) for each crop in each country were collected 

(Mekonnen and Hoekstra, 2011a). It should be noted that WFP values used in the current 

study are the sum of green, blue, and grey water footprints to account for the direct and indirect 

water consumption for each selected crop (Hoekstra et al., 2011). Finally, the renewable water 

resources and areas of currently cultivated land in the three countries were acquired 

(AQUASTAT, 2016; FAOSTAT, 2018). 

5.2.4. Methods 

5.2.4.1. Calculation of WUE and CWP 

The WUE was calculated for each country as the ratio of NPP to AET: grams of carbon per 

millimeter of water evapo-transpired per square meter of cropland (in g C mm-1). Time series 

for the period from 2003 to 2018 was created by dividing the annual average values of NPP 

by their corresponding AET values. Next, we plotted the WUE spatial distribution by dividing 

the two datasets (NPP/AET), using the “raster calculator” function in ArcGIS. We calculated 

the CWP by dividing the total yield values of all primary crops obtained from FAOSTAT by 

their corresponding observed AET values (2003–2018) for each country (in kg m-3). This 

approach provides important insights into the performance of croplands within and across the 

ENC. 

5.2.4.2. Statistical analyses 

The Mann-Kendall statistical test was performed to detect trends in P, NPP, AET, CWP, and 

WUE in the three countries. The null hypothesis (H0) of the Mann-Kendall test assumes no 

trend in the time series under evaluation. For this analysis, GSI Mann-Kendall Toolkit v. 1.0 

(Connor et al., 2012) was used. This tool generates seven possible trends using the Mann-

Kendall statistic (S), confidence level (CL), and coefficient of variation (CV). These possible 

trends are (i) increasing (S > 0, CL > 95%), (ii) probably increasing (S > 0; 95% ≥ CL ≥ 90%), 

(iii) no trend (S > 0; CL < 90%), (iv) no trend (S ≤ 0; CL < 90% and CV ≥ 1), (v) stable (S ≤ 0; 

CL < 90% and CV < 1), (vi) probably decreasing (S < 0; 95% ≥ CL ≥ 90%), and (vii) decreasing 

(S < 0; CL > 95%). 
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To explore the inter-annual variability of P, NPP, AET, CWP, and WUE, we calculated the CV 

by dividing the standard deviations by the mean annual values. We produced CV maps for 

AET and WUE over the cropland in each country (2003–2018). Maps of standard deviation 

and mean were produced using the “cell statistics” function for each dataset and were 

subsequently divided using the “raster calculator” function. 

5.2.4.3. Scenario development 

The present study developed a framework to forecast future crop demands and, thereafter, 

proposed development scenarios for the ENC (Fig. 5.2). Although FAOSTAT provides data 

on each crop’s per capita food supply quantity, we calculated the average supply value per 

capita (kg/capita/year) from 1993 to 2018 as the ratio of the annual production quantity to 

population. We chose this method for two reasons: (1) to avoid involving import and export 

calculations, i.e., any import or export ratios are assumed constant, and (2) for some of the 

selected crops (e.g., maize in Egypt), large portions of the production quantities are used as 

livestock and poultry feed rather than for direct human consumption. The calculated per capita 

average supply was considered to remain unaltered through 2050. To estimate future 

demands for all selected crops by 2050, each crop’s per capita average supply quantity was 

multiplied by the population forecasts (low, medium, and high-fertility variants) for each year 

from 2019 to 2050, assuming that no change in population dietary patterns would occur. We 

used these three variants to produce a range of possible values for our estimates (minimum, 

average, and maximum) since single values might not be useful to policymakers. Furthermore, 

because our scenarios aim to provide a future outlook, reporting ranges would propagate 

potential uncertainties in the results and make them more realistic. 

Based on the calculated future demands of selected crops until 2050, the study followed a 

scenario-based approach that evaluates four different development scenarios in each country. 

The scenarios include an extensification pathway (horizontal; clearing additional land for crop 

production) and three intensification pathways (vertical; producing more from the same 

cultivated area). 
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Fig. 5.2. The methodological framework of the current study. 

5.2.4.4. Scenario variables 

The extensification pathway (hereafter, horizontal scenario) represents the “business as 

usual” situation. This involves expanding the area of cultivated lands following the current field 

practices, i.e., implying no change in WFP and land productivity “yield”. In this scenario, 

average yield (1993–2018) and local WFP values are considered to remain unchanged until 

2050. Alternatively, the three intensification pathways (hereafter, vertical scenarios), namely 

V-1, V-2, and V-3, assume improved WFP and yield values for each crop. One bottleneck in 

such a large-scale assessment is identifying thresholds of improvements in WFP in vertical 

scenarios since information on WFP is only available as single average values (1996–2005). 

Given the strong variability in farming practices within and across the three countries, relevant 

studies assume normative values for potential improvements in water use efficiency (e.g., 

Multsch et al., 2017). In this study, we used the statistical analysis of CWP and WUE (Section 

5.2.4.2) to identify the likelihood of improvements in WFP, i.e., CV values as proxies for 

potential improvements in WFP. Consequently, we assumed three percentages for potential 

improvements in the WFP values for each scenario in each country. 

Regarding the yield, we selected the highest attained yield values recorded for each crop 

(1993–2018) to represent yield values in V-1, assuming that the highest attained yield would 

be achieved again. Next, we extracted potential yield values of the dominant crops (i.e., 

cereals) reported in the literature, derived either through field experiments, crop modeling, or 
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other statistical methods (Appendix B, Table B2). We found high variability between potential 

yield values in literature and the highest attained yield values from FAOSTAT. Potential yield 

values were averaged for each crop and, consequently, crop yield gaps were calculated as 

the difference between attainable and potential yield values. Yield gaps (%) were then 

calculated as acreage-share weighted average percentages of the selected cereals. These 

percentages were assumed for all other crops in each country since we could not retrieve 

potential yield values for all selected crops. Although experimental and simulated yields do 

not reflect the real farming conditions, they can be used to identify yield thresholds (van 

Ittersum et al., 2013). Thus, we selected two percentiles (50% and 75%) of the yield gap and 

assumed these gaps to be closed in V-2 and V-3, respectively. 

Multiple interrelating factors determine yield in the region, e.g., climate stability, field and soil 

management, crop varieties, the existence of appropriate infrastructure and technological 

packages, enforced policies, the use of fertilizer and pesticide as well as the socio-economic 

status of farmers and other factors (Elagib et al., 2019; Karimi et al., 2012; Khalifa et al., 2020; 

Thornton et al., 2018). Given the large variation in physical parameters, socio-economic 

statuses, and field practices within and across the ENC, we could not incorporate these factors 

into our large-scale assessment. Instead, we deal with the yield values resulting from existing 

or modeled yield-determining factors. For the required intervention to improve crop yield in the 

region, the reader is referred to the above-listed studies and the literature used to extract 

potential yield values (Appendix B, Table B2). 

For each scenario, we calculated the land area required by 2050 by dividing each crop’s future 

demand by their corresponding yield values. The future demand of each crop was multiplied 

by their respective WFP to calculate the water quantities needed by 2050. The calculated 

demands of water and land for all crops were compared to the renewable water resources and 

the area of currently cultivated land in the respective countries to detect the consequences of 

each development pathway by 2050. 

5.3. Results and discussion 

5.3.1. Land cover 

In Egypt, the spatial distribution of cropland was consistent among the three products and 

GFSAD. Temporally, the average cropland areas (2009–2016) extracted from MCD12Q1, 

WaPOR, and ESA-CCI compare very well with their counterparts from FAOSTAT and 

CAPMAS, although ESA-CCI was slightly better in capturing cropland (Table 5.3). In Ethiopia, 

the average cropland areas (2009–2012) reported by FAOSTAT and CSA were higher than 
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the extracted area from ESA-CCI, lower than MCD12Q1, and almost half of that extracted 

from WaPOR, demonstrating the latter’s overestimation of cropland area in the country (Table 

5.3). Spatially, MCD12Q1 showed intensive cropland in the northwestern region of Ethiopia 

(bordering Sudan), which conflicts with the cropland distribution provided by GFSAD, ESA-

CCI, and WaPOR. Delineating cropland in Sudan seemed to be more challenging. FAOSTAT 

and CBS reported an average cropland area of 200,000 km2. This value is lower than cropland 

area extracted from ESA-CCI, higher than WaPOR, and much higher than MCD12Q1 (Table 

5.3). By comparing the spatial distribution of cropland from GFSAD with the three products, 

we concluded that the ESA-CCI product captured rainfed cropland areas not captured by 

MCD12Q1 and WaPOR. As a result, we considered the ESA-CCI to be a more reliable product 

for extracting cropland areas throughout the ENC. Similar results regarding the ESA-CCI high 

spatial correspondence in capturing cropland in Sudan and Ethiopia were reported by 

Tsendbazar et al. (2015). 

Table 5.3. Summary of the results of cropland area, multi-year average of precipitation (P), actual 

evapotranspiration (AET), net primary productivity (NPP), water use efficiency (WUE), and crop water 

productivity (CWP), along with respective coefficient of variation (CV). 

Cropland area Egypt Ethiopia Sudan 

km2 km2 km2 

MCD12Q1 35,800 164,300 73,000 

WaPOR 40,800 277,400 183,000 

ESA-CCI 36,500 130,500 249,000 

FAOSTAT 37,000 158,700 200,000 

CAPMAS 37,400 - - 

CSA - 135,700 - 

CBS - - 200,000 

Other parameters Egypt Ethiopia Sudan 

mm km3 CV (%) mm km3 CV (%) mm km3 CV (%) 

P 49 1.8 24.2 1114 145 6.5 480 95 12.3 

AET 873 32 3 630 82 6 460 91 10 

NPP g C m-2 CV (%) g C m-2 CV (%) g C m-2 CV (%) 

474 5.6 823 3.2 300 32.8 

WUE g C mm-1 CV (%) g C mm-1 CV (%) g C mm-1 CV (%) 

0.55 4.4 1.31 4.4 0.18 29.5 

CWP kg m-3 CV (%) kg m-3 CV (%) kg m-3 CV (%) 

2.54 10.3 0.41 25.5 0.23 13.2 

The spatial distribution of croplands extracted from the ESA-CCI is presented in Fig. 5.1. 

Almost all cropland in Egypt were irrigated (98.1%) and concentrated in the Nile Delta and 

Valley. In contrast, the majority of extracted cropland in Ethiopia were rainfed (95.6%), 

stretching from the Rift Valley in the middle of the country to the country’s northern, eastern, 

and western borders. Sudan cropland displayed irrigated (17%) and rainfed (83%) areas. 
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To understand how land cover change correlated with crop production, we calculated the 

Pearson’s coefficient of determination (R2) and significance level (P) between the annual 

cropland area extracted from ESA-CCI and the corresponding crop production quantities 

reported by FAOSTAT. We found a relatively high correlation between the land cover change 

and crop production in Egypt (R2 = 0.67, P = 0.0001) and Ethiopia (R2 = 0.52, P = 0.0014). 

However, an exceptionally low correlation (R2 = 0.007, P = 0.76) was found between the two 

variables in Sudan. The low correlation in Sudan may be attributed to post-harvest losses 

(Schulten, 1982) and areas lost at harvest, i.e., when not all planted areas are harvested 

(Elagib et al., 2019). 

5.3.2. Precipitation and net primary productivity 

Precipitation over croplands in the ENC showed a decreasing gradient from south to north 

(Fig. 5.3a). Cropland in Ethiopia received the highest mean annual precipitation of 1114 mm, 

followed by Sudan 480 mm, and Egypt 49 mm (2003–2018). As the ESA-CCI product was 

found to overestimate the cropland area in Sudan by approximately 20% (Section 5.3.1), the 

precipitation volume over cropland in Sudan was reduced by 20% (Table 5.3). 

The highest NPP values (2003–2018) were found in Ethiopia, with an average annual value 

of 823 g C m-2, followed by Egypt (474 g C m-2) and Sudan (72 g C m-2). As shown in Fig. 5.3b, 

the northern areas of Egypt represented by the Nile Delta showed higher NPP values (300–

1200 g C m-2) than southern areas (< 300 g C m-2). In Sudan, the spatial distribution of NPP 

demonstrated limited variability since the NPP of almost all croplands of the country was less 

than 300 g C m-2. The highest NPP values in Ethiopia were found in the middle part of the 

country, with values from 600 to 1500 g C m-2, decreasing northwards to around 300 g C m-2. 

Multiple factors determine the magnitude of NPP, most importantly, precipitation, humidity, 

altitude, temperature, and radiation (Li et al., 2016; Pan and Dong, 2018; Pan et al., 2015a, 

2015b). In arid and semi-arid regions such as Sudan and Egypt, precipitation and temperature 

are likely the most influential NPP determinants (Li et al., 2016). Khalifa et al. (2018) found 

that NPP in Ethiopia and Sudan is directly influenced and positively correlated with 

precipitation. This correlation is reflected in the estimated NPP values in the two dry years 

(2009 and 2015), notably low in Sudan and Ethiopia (Fig. 5.3c and 5.3d). Additionally, 

croplands in Ethiopia may include natural vegetation with better canopy and vegetation types 

that are more efficient in assimilating atmospheric carbon dioxide than single crops that might 

appear in arid and semi-arid areas in Egypt and Sudan, which could also explain the high NPP 

in Ethiopia. 
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Fig. 5.3. Spatial variation of the multi-year average (2003–2018): (a) precipitation (P) and (b) net 

primary productivity (NPP), and time series of (c) P and (d) NPP. 

5.3.3. Actual evapotranspiration 

The SSEBop product analysis revealed high variations in the spatio-temporal distribution of 

AET over all croplands throughout the ENC (Fig. 5.4a and 5.4b). Egypt had the highest AET 

rates with an average annual value of 873 mm (32 km3), followed by Ethiopia with 630 mm 

(82 km3) and Sudan with 460 mm (91 km3; similar to P estimation (Section 5.3.2), AET volume 

in Sudan was reduced by 20%) (Fig. 5.4b). Three major factors could explain the high variation 

in AET values among the ENC. The first is the type of agriculture (irrigated or rainfed) and the 

cropping intensity (the fraction of cropland that is harvested). Based on FAOSTAT data, we 

calculated the average cropping intensity (2003–2018) in the three countries. Egypt, with 

almost entirely irrigated areas (98.1%) had the highest cropping intensity of 145%, and 

Ethiopia (4.6% irrigated areas with 92% cropping intensity) showed higher AET values than 

Sudan (17% irrigated areas and 72% cropping intensity). The second factor is the spatial 

variability in the ENC climate conditions, ranging from a hyper-arid climate in Egypt to humid 

and wet-humid in the Ethiopian highlands, i.e., AET is higher with higher temperatures and 
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lower humidity. Third, AET reflects the pattern of water availability. The inter-annual variability 

of AET can be explained by the calculation of CV, also known as the uniformity indicator of 

water use or water delivery (Karimi et al., 2019; Molden and Gates, 1990; Roerink et al., 1997). 

 

Fig. 5.4. (a) Spatial variation of the multi-year average (2003–2018) of actual evapotranspiration (AET). 

(b) AET time series. (c) Spatial distribution of the coefficient of variation (CV) (2003–2018). 

According to Molden and Gates (1990), CV values of 0–10%, 10–25%, and > 25% imply good, 

fair, and poor uniformity in water use, respectively. Temporally, CV values associated with the 

16-year average annual AET estimates are 3%, 10%, and 6% in Egypt, Sudan, and Ethiopia, 

respectively (Table 5.3), indicating a good uniformity in water use in all three countries. 

Spatially, the CV ranged widely throughout the ENC (Fig. 5.4c). Such variation could reflect 

the uniformity of water deliveries to croplands, i.e., water availability. For instance, CV values 

over the old cultivated areas in the middle of the Nile Delta and Valley showed a low spatial 

variation (CV ≈ 2–10%), indicating a high degree of water availability and good uniformity. In 

contrast, over the newly reclaimed lands at the fringe of the Delta and Valley where water 

deliveries are less available, CV values are higher (≈15–50%). The predominant CV values 

showed relatively high ranges in Sudan (≈10%–50%), indicating fair to poor uniformity. While 

in Ethiopia, except for the eastern part of the country (CV < 10%), the croplands demonstrated 

fair uniformity (CV ≈ 10%–25%). 

5.3.4. Water use efficiency and crop water productivity 

The WUE values widely varied among the ENC (Fig. 5.5a and 5.5b; Table 5.3), resulting from 

NPP and AET spatial and temporal variabilities. The entire irrigated cropland of Egypt 

exhibited an average WUE of 0.55 g C mm-1. The country’s cropland showed a high WUE (1.5 
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g C mm-1) in the northern portion of the Nile Delta. Moving southwards, WUE declined to less 

than 0.05 g C mm-1. In Sudan, almost all irrigated areas showed relatively low WUE values (< 

0.05 g C mm-1) compared to their counterparts in Egypt, implying a substantial potential for 

improvement. The rainfed cropland in Sudan along the southeastern and southwestern 

borders were also found to have higher WUE values (0.1 to 1.0 g C mm-1) than irrigated 

cropland. While Sudan, among the three studied countries, had the lowest overall average 

WUE of 0.18 g C mm-1 over croplands, Ethiopia showed the highest average WUE value of up 

to 1.31 g C mm-1. The WUE in Ethiopia demonstrated an increasing gradient from (0.1 to 0.5 

g C mm-1) along the northern borders to reach values higher than 3.0 g C mm-1 in the middle 

of the country, where rainfall and AET showed higher and lower rates, respectively. 

 

Fig. 5.5. (a) Spatial variation of the multi-year average (2003–2018) of water use efficiency (WUE). (b) 

WUE time series. (c) Spatial distribution of the coefficient of variation (CV) (2003–2018). 

The WUE values for the three countries are comparable to previously reported values 

reported. The average WUE value for croplands Egypt is identical to the average WUE value 

(1895–2007) of croplands in the southern United States (0.54 g C mm-1), as estimated by Tian 

et al. (2010). Furthermore, the estimated croplands’ average WUE value in Ethiopia (1.31 g C 

mm-1) is slightly higher than its counterpart in China (1.17 g C mm-1) as indicated by Liu et al. 

(2015) for the years 2000 to 2011, and 54% higher than the global croplands’ average WUE 

value (0.85 g C mm-1) for the period from 1995 to 2004 (Ito and Inatomi, 2012). Notably, the 

croplands’ average WUE value for Sudan (0.18 g C mm-1) is lower than the nationally-

averaged annual WUE (2000–2013) of Sudan’s terrestrial ecosystems (0.24 g C mm-1) as 

reported by Khalifa et al. (2018). The variation in climate (air humidity, temperature, 

evapotranspiration, and precipitation), vegetation conditions, and water supply sufficiency are 
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the main factors determining the WUE of croplands (Liu et al., 2015; Tong et al., 2009; T. 

Zhang et al., 2016). For instance, Egypt is located in a hyper-arid zone, i.e., high temperatures 

and extremely limited precipitation throughout the year, which could be the major drivers for 

its high AET and low NPP values. In contrast, Ethiopia is within the humid, dry subhumid, and 

arid zones that receive the highest rainfall rates and among the lowest temperatures in the 

ENC, which may explain the country’s higher NPP and WUE values. The Nile Basin Water 

Resources Atlas (NBWRA, 2020) provides information on the variations of these climatic 

parameters in the three countries, consistent with and justifies the spatial and temporal WUE 

variation we observed. The temporal analysis of CV related to WUE reveals high stability in 

WUE in Egypt and Ethiopia compared to Sudan (Table 5.3). Spatially, CV was less stable in 

most cropland in Sudan, with values ranging from 50% to 100%. In comparison, there was 

less variation of WUE in the majority of cropland in Egypt (2–10%) and Ethiopia (5–15%) (Fig. 

5.5c). However, statistical trend analysis in WUE over the 16 years indicated no trend in Egypt, 

an increasing trend in Sudan, and a probable decrease in Ethiopia (Table 5.4). 

Table 5.4. Summary of trend analysis of the precipitation (P), net primary productivity (NPP), actual 

evapotranspiration (AET), water use efficiency (WUE), and crop water productivity (CWP) over the 

period (2003–2018) in the three studied countries. S = Mann-Kendall Statistic; CL = Confidence Level. 

 Egypt Ethiopia Sudan 

S CL (%) S CL (%) S CL (%) 

P 10 65.5 8 62.2 22 82.5 

No trend No trend No trend 

NPP -12 68.7 6 58.8 40 96.1 

Stable trend No trend Increasing trend 

AET -38 95.2 18 77.5 24 84.7 

Decreasing trend No trend No trend 

WUE 20 80.1 -32 91.7 38 95.2 

No trend Decreasing trend Increasing trend 

CWP 98 99.9 102 99.9 8 62.2 

Increasing trend Increasing trend No trend 

Despite the relatively high WUE values of the Ethiopian croplands found in this study, the yield 

values were quite low. This observation might be explained by the fact that yield data quantify 

the final output for specific crops, while NPP is a rate related to the ability of plants to capture 

carbon dioxide and convert it into biomass, which might include mixed crops with different 

NPPs. In other words, NPP is only a proxy for biomass and, therefore, it might not be well-

correlated with crop yield. CWP analysis revealed considerable variations among the three 

countries (Table 5.3). On average (2003–2018), Egypt had the highest CWP value (2.54 kg m-

3), followed by Ethiopia (0.41 kg m-3) and Sudan (0.23 kg m-3). Previous studies emphasized that 

the CWP was low in Sudan and Ethiopia compared to Egypt and indicated the latter’s average 

yields for some crops to be among the highest in the world (Al‐Saidi et al., 2017; Awulachew et 
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al., 2010; Karimi et al., 2012). Analysis of the CWP time series displayed an increasing trend in 

Egypt and Ethiopia, while no trend was found in Sudan (Table 5.4). The inter-annual analysis 

of CWP showed the potential for improvements by estimated CV values of 13%, 10%, and 

26% in Sudan, Egypt, and Ethiopia, respectively, emphasizing Egypt’s high uniformity. 

5.3.5. Percentage of improvement in yield and WFP in vertical scenarios 

Based on the potential yield values extracted from the literature and the calculated percentiles 

of 50% (V-2) and 75% (V-3) of the yield gap, yields of 10% and 15% higher (than attainable 

values) could be achieved in Egypt in the V-2 and V-3 scenarios, respectively. While in Sudan 

and Ethiopia, 50–100% and 30–60% higher yield values were considered to be achievable in 

the V-2 and V-3, respectively. 

Regarding the WFP, three possible improvements (10%, 20%, and 30%) were assumed 

based on the statistical analysis (CV) of WUE and CWP. Although CV values in Egypt were 

lower than in Sudan and Ethiopia (Section 5.3.4), we assumed equal percentages of 

improvements for the three countries. Showing the results of these ambitious improvements, 

particularly in Egypt, would provide policymakers with an outlook for needed policies to realize 

such highly efficient pathways. 

5.3.6. Water resources perspective 

Based on AQUASTAT data, the total annual renewable water resources in Ethiopia, Sudan, 

and Egypt are 122, 37.8, and 57.5 km3, respectively. These numbers express the long-term 

average annual river flows and recharge of groundwater aquifers generated from precipitation 

(blue water), leaving out the rainwater stored in the soil (green water). Furthermore, the total 

renewable water resources values are a result of summing internal and external blue water 

resources. Externally, Ethiopia as a water tower receives no water from outside its borders, 

while 96.5 km3 leaves the country, i.e., 25.5 km3 remains within the country. Sudan and Egypt 

receive blue water quantities of 33.8 and 56.5 km3, respectively, sourced from the Nile waters. 

Internally, annual precipitation accounts for 470, 936, and 18 km3 of rainfall in Sudan, Ethiopia, 

and Egypt, respectively (AQUASTAT, 2016). Considerable volumes of these precipitation 

values are available as green water for the rainfed cultivation in Sudan and Ethiopia as 

reflected by their corresponding P values of 95 and 145 km3, respectively, compared to Egypt 

(1.8 km3) (Section 5.3.2.). Thus, the common use and availability of green water in the rainfed 

agriculture in Ethiopia and Sudan gives the two countries an advantage over Egypt, from a 

water resources perspective, since Egypt mainly depends on blue water resources (57.5 km3) 

and water reuse systems (≈ additional 19 km3) to meet its water withdrawals of around 78 km3. 
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Although green water is commonly represent by AET (Schyns et al., 2015), we used P (inflow) 

to represent the green water (Weiskel et al., 2014) since AET over ENC cropland includes 

contributions from both green and blue water resources. To simplify our calculations and make 

them consistent, we estimated the total renewable water resources available for croplands as 

the sum of blue and green water resources, i.e., approximately 170 km3 (25.5 + 145) in 

Ethiopia, 133 km3 (37.8 + 95) in Sudan, and 78 km3 (57.5 + 1.8 + 19) in Egypt. 

5.3.7. Horizontal and vertical scenarios 

The future demand for crops indicates that total crop production quantities must be increased 

by 45%, 59%, and 74% in Egypt, 75%, 90%, and 105% in Sudan, and 67%, 83%, and 100% 

in Ethiopia, for the low, medium, and high population fertility variants, respectively, to meet the 

future demand of the estimated population by 2050. Such high values are expected to stand 

as a future challenge for the three riparian countries. 

The developed scenarios reveal the potential for saving substantial water and land resources 

by 2050 in the ENC by following the vertical development scenarios rather than the horizontal 

one. The future demands of water and land for each scenario and population variant are 

presented in Fig. 5.6a and 5.6b. Future forecasts of all scenarios and fertility variants regarding 

each crop’s required water and land resources in the three countries can be found in Appendix 

B, Tables B3–B8. The vertical scenarios result in a significant reduction in the water demand 

by 2050 compared to the horizontal one. It is worth mentioning that other water uses, i.e., 

industrial and domestic, are not presented in Fig. 5.6a, yet, they account for nearly 4%, 8%, 

and 20% (≈ 0.85, 1.0, and 16 km3) of water withdrawals in Sudan, Ethiopia, and Egypt, 

respectively (AQUASTAT, 2016). These withdrawals are additional burdens on water 

resources, notably in Egypt. 

In all scenarios, Egypt is expected to struggle to secure such substantial amounts of water 

and land with its limited available resources. Both resource types can be considered as limiting 

factors for ensuring sufficient future production, and projections are expected to cause 

significant challenges for the Egyptian decision-makers. Cereal cultivation shows the highest 

demand for resources, representing around 65% and 66% of the total estimated demand for 

water and land, respectively, followed by fruits (11% and 8%), vegetables (5% and 7%), and 

sugar crops (7% and 5%). Theoretically, Sudan seems able to afford the required water 

quantities in all vertical scenarios. However, despite the vast availability of cultivable land (≈ 

200,000 km2), the land required in the horizontal and V-1 scenarios is still much higher. 

Nevertheless, Sudan can meet the land demand by following V-2 or V-3, which would save 

the country 53% and 65% of the required land, respectively, compared to the horizontal 
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pathway. Cereals and pulses are expected to require an average of 69% and 25% of total 

water demand, and 70% and 25% of total needed land, respectively. 

 

Fig. 5.6. Estimated future demand for (a) water and (b) land of selected crops in each country by 2050 

in all scenarios and fertility variants. 



Chapter 5                                                                                             The Eastern Nile countries                                                       
 

89 

The results indicate that a horizontal development pathway will not feasibly meet the future 

demand for agricultural production in Ethiopia due to water and land constraints. While 

realizing V-1 could fulfill the water demands of the medium and high variants, its land demand 

is higher than the country’s cultivable area in all variants. However, employing V-2 or V-3 may 

provide Ethiopia substantial opportunities. Cultivation of cereals, pulses, oil crops, and coffee 

requires approximately 77%, 7%, 4%, and 4% and 70%, 10%, 5%, and 3% of the total 

estimated demand of water and land, respectively. 

5.3.8. National outlook 

Based on the key findings of the current research and assuming that the adopted hypotheses 

hold, the three countries, especially Egypt, are expected to face severe challenges in 

satisfying their future demand for the main crops by 2050 due to water and/or land constraints. 

These results uncover the anticipated challenge to secure water and land resources for 

sufficient production of the studied crops without accounting for other water uses (e.g., 

industrial, domestic, and hydropower generation [reservoir evaporation]) that will likely grow. 

Moreover, climate change is expected to impact the ENC and their resources availability, 

which may alter the WFP and yield of crops. The length and reliability of the rainy periods will 

become uncertain due to climate change, which might influence the economics of agriculture, 

particularly the rainfed agriculture in Sudan and Ethiopia. Similar studies have concluded that 

future agricultural water demand cannot be solely met by expanding irrigation schemes 

(Awulachew et al., 2012), improving irrigation efficiency (Multsch et al., 2017), or reallocating 

water resources (Siderius et al., 2016) in the region. 

According to the obtained data on WFP and yield, Egypt is found to have the lowest WFP and 

highest yield values. This could be attributed to the use of advanced irrigation techniques such 

as sprinkler or drip irrigation (Al‐Saidi et al., 2017), which, together with the water reuse system 

and the availability of fertilizers and pesticides, may explain the high overall irrigation system 

efficiency of 81% throughout the country as estimated by Ayyad et al. (2019). However, the 

estimated numbers in all scenarios suggest that Egypt will need to increase its imported crops 

and invest more in non-conventional water resources (e.g., water desalination and water and 

wastewater treatment) as well as in integrated water-energy-food nexus solutions (e.g., 

agrivoltaic systems) to maintain its production, which requires extensive planning and large 

investments. The productivity of rainfed agriculture in Sudan and Ethiopia could be 

significantly improved by adopting strategies for rainwater management, soil conservation, 

and supplemental irrigation (Rockström et al., 2009). In Ethiopia, Karimi et al. (2012) 

suggested that poor field practices, and minimal financial resources of farmers to invest in on-
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farm inputs (e.g., fertilizers and good-quality seeds), are drivers for the low yield values. They 

also recommended improving water management on the field level and promoting 

supplementary irrigation, which requires investing in rainwater harvesting techniques and 

water infrastructures. Khalifa et al. (2020) investigated the determinants of the sorghum yield 

gap in one of the world’s largest irrigated schemes, i.e., the Gezira scheme in Sudan. Their 

principal findings indicate that farmers’ financial statuses, field management practices, and 

access to water for irrigation exert a major influence on yield. Furthermore, Al Zayed et al. 

(2015) reported that the Gezira scheme had a low irrigation efficiency, in decline since 1993, 

caused mainly by the over-supply and leakage in the water delivery system. Khalifa et al. 

(2020) suggested that improving the efficiency of the scheme—which consumes about one-

third of Sudan’s total share from the Nile waters—may have significant impacts on stabilizing 

the water supply and demand in the ENC. 

Another opportunity to maximize the potential water and land savings is represented by the 

substitution of portions of major cereal crops, particularly wheat, for which the three countries 

depend on imports to meet their domestic demand. For instance, to bridge the wheat gap in 

Egypt, portions of wheat flour could be substituted by cassava, quinoa, and guar (Soliman et 

al., 2019) or flour from local cereals and pulses (Zeinab et al., 2018). Studies in Sudan also 

uncover the potentiality of blending sorghum with wheat products (e.g., Siddeeg et al., 2017). 

Similarly, for Ethiopia, several studies have proposed the substitution of portions of wheat 

bread with cassava and soybean flours (Ayele et al., 2017), sweet potato flour (Mitiku et al., 

2018), and substituting quinoa flour for teff flour (Agza et al., 2018). Although investigating 

crop substitution scenarios is outside the scope of the present study, it can be considered a 

reasonable response to the expected future insufficiencies in water and land resources to 

secure adequate domestic production of crops. 

5.3.9. Transboundary implications 

Despite the high potential for saving water and land by following the vertical development 

pathway demonstrated in this study, a more ambitious scenario is possible—a regional 

benefit-sharing approach. For instance, there is a potential for expanding and increasing 

irrigated areas, particularly in Sudan and Ethiopia (Awulachew et al., 2012; Hamouda et al., 

2009), but doing this will place Egypt in a vulnerable position by reducing its water by almost 

40%, as estimated by Siderius et al. (2016). In this regard, we aim to shed light on possibilities 

that could benefit the three riparian countries while setting aside geopolitical issues. The three 

countries can, theoretically, maximize the regional benefits by identifying their particular 

competencies. For example, producing some crops in Egypt, such as wheat and sorghum, 
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seems very efficient, given their high yield and optimum WFP values. In detail, WFPs for 

producing wheat and sorghum in Egypt are 1692 and 1107 m3 ton-1, respectively, which are 

much less than their counterparts in Sudan (1929 and 6521 m3 ton-1), Ethiopia (3679 and 5007 

m3 ton-1), and even the world average (1827 and 3048 m3 ton-1). In addition, the WFP of millet 

in Ethiopia (4842 m3 ton-1) is much less than its counterpart in Sudan (13,616 m3 ton-1). 

Furthermore, yield values reveal high variations among the three countries for some common 

crops. For example, the average yield values for wheat and sorghum are approximately 623 

and 533 ton km-2 in Egypt, 215 and 61 ton km-2 in Sudan, and 170 and 175 ton km-2 in Ethiopia. 

The overall average yield values for the studied crops in Egypt, Sudan, and Ethiopia are 1990, 

831, and 215 ton km-2, respectively. Utilizing the Egyptian experience and advanced 

technology in existing and planned irrigated schemes in Sudan and Ethiopia can significantly 

contribute to improving these schemes’ productivity and, thus, productivity in the ENC as a 

whole. In the same context, allocating regional investments towards improving the irrigation 

efficiency and productivity in existing and planned irrigated schemes in Sudan—the country 

with the largest reserve of cultivable land within the ENC—might be crucial to maintain the 

production of some crops in the region (e.g., sorghum and wheat). Ethiopia has the advantage 

in hydropower and livestock production, which could act as affordable energy and meat 

products for Egypt and Sudan. 

Sharing the benefits of using the Nile waters beyond the political boundaries is not only 

possible but might also be a necessity. Since the commencement of its construction in 2011, 

Ethiopia, Sudan, and Egypt have been engaged in negotiations regarding the Grand Ethiopian 

Renaissance Dam (GERD). Yet, no agreement has been reached as of the time of writing this 

article. A crucial outcome of the recent negotiations is that the three countries shall work on a 

comprehensive agreement concerning the Blue Nile waters and its future developments 

(African Union, 2020). Such an agreement can be guided by forecasts of multiple development 

scenarios, among other principles. We believe that the findings of the present study can help 

steer future negotiations among the three riparian countries by quantifying their anticipated 

water and/or land deficits by 2050. Besides the guiding forecasts, an atmosphere of goodwill 

from the three riparian nations is needed to achieve win-win solutions. To realize this scenario 

while achieving a reasonable and equitable utilization of the shared water resources, 

policymakers of the three countries might need to consider using the concepts of WFP, yield 

gap, and virtual water as measuring tools or indicators for resources utilization (e.g., Sallam, 

2014; Zeitoun et al., 2010). Benefit-sharing would also require a more comprehensive political, 

environmental, and socio-economic assessment. Furthermore, improvements in data 

monitoring, quality, availability, accessibility, and sharing within the three riparian countries 
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are crucial for the sustainable development of the region. Although a thorough discussion of 

a regional benefit-sharing is beyond the scope of this study, the reported results form the basis 

to investigate the potential of such a scenario, which would contribute significantly to maintain 

the agricultural production in the ENC. 

5.3.10. Limitations and future research 

One of the major limitations that researchers commonly face is the validation of remote 

sensing datasets. In the present study, it was not feasible to validate the selected remote 

sensing datasets due to the sparse data for ground-truthing in the ENC and the mismatches 

between gridded satellite-based information and ground information. While some of the 

selected products perform well, as explained in the referenced literature in Sections 5.2.3.3 

and 5.2.3.5, future research may evaluate more products in the region, particularly for NPP, 

AET, and land cover. One drawback of the current research is the lack of detailed crop type 

maps that distinguish between different crops cultivated in each country. Consequently, the 

calculated P, NPP, AET, and WUE are estimated from satellites for crop groups. The 

uncertainty involved in dealing with the whole croplands as one unit involves further 

uncertainties in the estimated AET, NPP, and WUE. Since different crops are characterized 

by distinctive NPP, AET, and WUE, our estimated indicators are rather general. Nevertheless, 

the datasets adopted are crucial for understanding the croplands’ spatial and temporal 

patterns and their performance in such a data-scarce region. The results reported herein 

should be interpreted in that light. 

Future research may investigate the costs associated with improving the WFP and yield values 

as indicated in the proposed vertical scenarios to enable decision-makers to identify the 

optimal development pathway. Furthermore, it is worthwhile to explore a regional benefit-

sharing scenario, based on the yield gap, WFP, and favorable trade agreements. Although 

the current agricultural water withdrawals in South Sudan (0.25 km3) and Eritrea (0.55 km3) 

were neglected in this study, the two countries might introduce plans for developing irrigation 

projects and, subsequently, their demand for water and land may increase in the future. 

Therefore, future ENC assessments may need to account for these potential demands. 

Our findings fundamentally demonstrate the urgent need for sustainable agricultural 

intensification in the three countries to sustain their crop production through 2050. However, 

critics and debates of agricultural intensification have been raised to address negative impacts 

associated with such production systems (e.g., Godfray, 2015; Pretty and Bharucha, 2014), 

which should be considered in future planning. 
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5.4. Conclusions 

In this study, with the assistance of remote sensing data, the spatio-temporal variations (2003–

2018) of a set of indicators (i.e., cropland area, P, NPP, AET, WUE, and CWP) over cropland 

in the ENC were observed. Our findings indicated high variations in these indicators 

throughout the ENC and their inter-annual variation and trends were investigated. 

Subsequently, we estimated the prospects of improvements in WFP. Furthermore, yield gaps 

were estimated, and percentages for possible yield improvements were consequently 

identified. 

The hypothesis herein is that a vertical growth pathway (intensification), achieved by reducing 

the WFP and bridging the yield gap of the major crops, is more feasible in terms of saving 

water and land resources and could provide more crops than what is expected by following 

the horizontal growth pathway (expanding the cultivated land). To test our hypothesis, we 

proposed four development scenarios and quantified the demand for water and land resources 

for sufficient crop production in each country and scenario by 2050. 

Our findings indicate that the three countries are expected to face a severe challenge in 

securing sufficient crop production from the available water and land resources. Nevertheless, 

substantial water and land resources could be conserved by 2050 by following the vertical 

development scenarios rather than the horizontal one. The main achievements of this study 

are: 

• Using remote sensing to detect cropland changes and variation patterns of P, AET, NPP, 

and the calculated WUE and CWP provides unprecedented spatial representation that 

cannot be achieved using in-situ measurements. 

• Emphasizing the crucial role that agriculture plays in the ENC. Moreover, the scenario-

based analysis of the development pathways highlights the critical implications of these 

pathways for water and land resources. 

• The expected deficit in water and/or land resources by 2050 in the ENC, as depicted in 

most future scenarios, is alarming. Although the benefits of following a vertical development 

pathway in the agriculture sector in the ENC are apparent, this study is the first to quantify 

and put these benefits in the transboundary context. These figures have large implications 

on the water and food securities, land cover change policies, and natural resources 

management in general, especially water and land. 

Our study stresses the potential advantages of benefits and resources sharing, based on the 

WFP, yield gap, and trade between the three countries to secure water and food beyond the 
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political boundaries. Based on the current research results, shifting from resource-sharing to 

benefit-sharing seems to be not only feasible but also necessary to ensure sustainable 

development in such a vital and conflicted region. 

As poor agriculture performance is not restricted to the ENC, the findings of this research are 

useful for many other parts of the world, especially where the use of water and land resources 

needs to be optimized. Lastly, the methods used in this study are transferable and could be 

applied in any other region facing similar fundamental development questions. 
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6. General discussion and conclusions 

6.1. Synopsis 

In Africa, agriculture is not only a major user of blue and green freshwater and land resources, 

but also the primary source of livelihood for the African population. With the continent 

experiencing rapid population growth and consequent increased food and livelihood demands, 

recent change trends comprise the expansion of cropland areas, leading to greater use of 

water and land resources, a development strategy known as agricultural extensification. This 

thesis stresses the pressing need for agricultural intensification, emphasizing the 

enhancement of productivity on existing croplands. 

The primary objective of this thesis was to identify and quantify the potential for increasing 

crop yield and conserving water and land resources across selected case studies in Egypt, 

Sudan, Ethiopia, and Tanzania, representing various types of agricultural systems that rely on 

blue and green water resources. Additionally, the thesis aimed at providing insights into the 

implications of potential improvements for future crop intensification and the associated 

demands for water and land resources. To achieve these multidisciplinary aims in such data-

scarce regions, this research developed novel methodological approaches, integrating open-

access remote sensing and secondary datasets. The study generated valuable insights into 

potential improvements in crop production systems across the case studies, as detailed in 

Chapters 3, 4, and 5. 

6.2. Revisiting hypotheses and findings 

This section discusses the key elements and findings of Chapters 3, 4, and 5 in relation to the 

main research hypotheses formulated in Chapter 1 as follows: 

• Hypothesis (i): Open-access remote sensing datasets can support improving 

investigations on agricultural systems in data-scarce regions. 

A consistent obstacle encountered in the investigated case studies is the scarcity of in-situ 

data that, when available and accessible, fails to capture or explain spatial variations across 

larger areas or temporal changes over time. Satellite-based remote sensing technology has 

made it possible to accurately monitor agricultural systems and associated parameters such 

as land use, land cover, precipitation, actual and potential evapotranspiration, crop yield, and 

transpiration, at adequate spatial and temporal resolutions. The use of such remote sensing 

datasets for monitoring these parameters is well established in the scientific community. 
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However, the novel methodological approaches developed here, involving the use and 

integration of available remote sensing datasets with secondary data, provided in-depth 

insights into the performance of agricultural systems. This is particularly evident when 

calculating performance indicators such as water use efficiency, crop water productivity, land 

productivity, evaporative stress, relative evaporative stress, and transpiration fraction, all at 

adequate spatial and temporal resolutions across case studies of diverse agricultural types, 

scales, challenges, and scenarios, as demonstrated in this thesis. It is worth noting that, while 

commercial remote sensing datasets are available for purchase, this thesis advocates for the 

use of open-access datasets that are freely accessible through public-domain sources. This 

is particularly crucial in developing regions of Africa to support the democratization of 

knowledge and to empower researchers, decision-makers, and local communities to verify 

findings, reproduce results, and address pressing challenges to shape more sustainable 

futures. 

• Hypothesis (ii): A comprehensive spatial-temporal investigation of crop production 

systems will enable understanding the current performance status and detecting 

potential improvements. 

This thesis aimed at detecting opportunities for increasing crop yield and conserving water 

and land resources across the three selected case studies. A comprehensive monitoring of 

agricultural performance that considers both temporal and spatial dimensions was required to 

spot such opportunities. For instance, remote sensing datasets were used here to analyze 

crop production performance over timespans of 20 years in Kilombero, five years in the Nile 

Delta, and 16 years in the Eastern Nile countries. Moreover, large spatial extents were covered 

to capture the spatial variability across these regions. Across the three investigated cases, 

spatial and temporal variations were observed, as indicated by the coefficient of variation 

values. In essence, had the analyses been limited to specific locations and timespans, the 

representativeness of the results obtained, and consequently the validity of conclusions 

drawn, would have been questionable. By investigating the spatial and temporal change 

dynamics of crop production systems over adequate timespans and spatial scopes, the thesis 

could derive rational results and conclusions regarding the performance status and the 

potential improvements by addressing the observed spatial and temporal variabilities. 

Moreover, the present spatial-temporal investigations can serve as references when 

interpreting results of future studies targeting relevant questions within the spatial and 

temporal scopes covered of this research. 
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• Hypothesis (iii): Quantifying potential improvements in crop production and water use 

systems can help construct plausible future scenarios of crop intensification and 

associated water and land requirements. 

To construct plausible and realistic scenarios of future crop intensification, it was imperative 

to comprehensively detect and quantify potential improvements in existing crop production 

and water use systems. In this thesis, potential improvements were thoroughly explored and 

served as the major variables for constructing future scenarios of agricultural intensification 

and associated demand for water and land resources. For example, as detailed in Chapter 4, 

the research findings demonstrated the potential for improving crop yield, transpiration 

fraction, and crop water productivity in the Nile Delta by up to 27, 4, and 14%, respectively. 

These detected improvements constituted the key input variables in developing scenarios 

projecting Egypt’s water and land requirements for sustaining domestic crop production until 

2050. Chapter 5 adopted a comparable approach and detected improvements in crop yield 

and water footprint of up to, respectively, 15 and 10% in Egypt, 100 and 30% in Sudan, and 

60 and 26% in Ethiopia. These improvements, along with various population growth scenarios, 

were subsequently used as primary input variables in the developed scenarios projecting 

future demands for water and land until 2050 in the three countries. Finally, the findings 

presented in Chapter 3 demonstrated the potential for dry season cultivation within the pre-

rice (70 days) and post-rice (65 days) niches using available green water over at least 53% of 

the total cropped area in the Kilombero Valley Floodplain. This enabled the envisioning of 

possible cropping options that fit well with the pre- and post-rice niches. Without the detection 

of potential improvements in crop production and water use systems, it would have been 

necessary to rely on arbitrary assumptions or normative values for key variables required to 

construct future scenarios of intensification. This, in turn, would have introduced further 

uncertainties to the results obtained and their validity. 

• Hypothesis (iv): The spatial-temporal analysis will permit pinpointing interventions to 

enhance production efficiency and to conserve water and land resources. 

The findings of the spatial-temporal analyses in the three case studies not only enabled the 

detection of potential improvements in performance indicators but also underscored 

parameters and areas requiring interventions. For instance, the analysis in Kilombero revealed 

that water interannual variability, not availability, posed the main challenge in the pre-rice 

niche, and thus supplemental irrigation was proposed. In the post-rice niche, where available 

water is less variable over time, recession cropping possibly with supplemental irrigation was 

proposed. In both the pre- and post-rice niches, high spatial variability in water availability and 
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interannual variability was observed across the cropland extent in Kilombero, delineating 

areas with different potential for dry season cultivation. In the Nile Delta, the analyzed 

indicators highlighted opportunities for improving specific parameters. The findings indicated 

limited potential for enhancing the transpiration fraction. Instead, improving crop yield and 

water productivity emerged as a more compelling course of action. Furthermore, interventions 

aimed at increasing crop yield and water productivity would benefit more summer crops (rice 

and maize) than winter crops (wheat and berseem). Similarly, the findings of the Eastern Nile 

countries guided both national and transboundary interventions. With its high crop yields and 

low water footprints, it was suggested that Egypt could augment its food imports and expand 

its non-conventional water resources, alongside implementing integrated water-energy-food 

solutions to sustain crop production. In Sudan and Ethiopia, interventions should focus on 

enhancing crop yields and water footprints, by adopting strategies such as rainwater 

management, soil conservation, supplemental irrigation, and improving farmers’ financial 

capacities to invest in farm inputs. Additionally, it was recommended to adopt a transboundary 

regional benefit-sharing approach based on availability of national technical, natural, and 

financial resources and indicators such as crop yield and water footprint. 

6.3. Outlook and recommendations 

This thesis addressed the potential of crop intensification by means of increasing crop yield 

and conserving input resources of water and land over selected case studies in East and North 

Africa. It introduced novel methodological approaches based on entirely open-access datasets 

to explore this potential. The studied agricultural systems represent diverse agricultural 

practices, including irrigation using blue water and rainfed farming relying on green water. 

These systems also encounter various challenges such as water availability, variability, and 

scarcity, and encompass different spatial scales including irrigation scheme, floodplain 

wetland, national, and transboundary levels. Despite the diverse nature of these systems, the 

developed approaches proved instrumental in analyzing the performance status of existing 

agricultural systems, detecting and quantifying potential improvements, constructing future 

scenarios for land use intensification along with associated water and land demands, and 

pinpointing necessary interventions. 

Given the pressing need to enhance food security in Africa, efforts aiming at the further 

development of such methodological approaches should continue to provide decision-makers 

with outlooks on plausible pathways for crop intensification. It is also important to continue 

providing and using open-access datasets to foster access to knowledge, allow for 

reproducibility and transferability, and empower researchers, policymakers, and the public 
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alike to formulate evidence-based policies and strategies for addressing pressing challenges 

in Africa. While the methodological approaches and datasets used in this thesis are 

transferable and can be applied in other regions, it is advisable to adapt and refine these 

approaches and datasets according to the specific research demands in the target regions. 

Furthermore, operationalizing such methodologies is essential to enable continuous 

monitoring of performance of crop production systems and assess impacts of implemented 

interventions. Beyond the biophysical assessment conducted in this research, it is 

recommended to undertake further investigations into geographical areas exhibiting notably 

good or deficient performance across the case studies. This is crucial to help identify the 

causes of performance variation over time and space, and to understand the real-world 

determinants of crop intensification, including socioeconomic, technological, and aspirational 

and behavioral factors, among others. Such comprehensive assessments are vital for 

envisioning evidence-based and achievable pathways for sustainable agricultural 

development in Africa. 

The findings of this thesis underscore the considerable potential for crop intensification within 

the studied regions. The potential improvements identified hold profound implications for water 

and food security, as well as for the sustainable management of water and land resources. 

They also represent pivotal entry points for guiding interventions and investments aimed at 

enhancing crop production and conserving vital water and land resources. The valuable 

insights revealed can inform strategic decision-making processes and direct initiatives towards 

pathways for agricultural sustainability and resilience in Africa. Therefore, fostering regional 

and international cooperation and encouraging initiatives aimed at implementing the research 

and actions recommended here is imperative. Moreover, promoting innovation and technology 

transfer is important to equip agricultural stakeholders with the essential tools and knowledge 

to effectively develop region-specific sustainable practices and solutions that are tailored to 

the unique challenges faced by the region. To achieving these goals, it is necessary to 

mobilize sufficient funds, build the capacities of African institutions and initiatives, empower 

institutional commitments, foster public-private partnerships, and demonstrate political will to 

change the present status in the face of evolving environmental and socio-economic 

challenges in Africa. Ultimately, achieving agricultural sustainable intensification and 

improving water and food security in Africa requires a comprehensive and multi-dimensional 

approach that addresses the interlinkages of the social, political, economic, and environmental 

challenges facing the continent. By prioritizing collaboration, innovation, and inclusive 

governance and decision-making in resource management, Africa can unlock its agricultural 

potential and pave the way for more resilient and prosperous agricultural futures.



 

 



References                                                                                                                              
 

101 

References 

Abaza, A.S.D., Elshamly, A.M.S., Alwahibi, M.S., Elshikh, M.S., Ditta, A., 2023. Impact of different 
sowing dates and irrigation levels on NPK absorption, yield and water use efficiency of maize. 
Sci Rep 13, 12956. https://doi.org/10.1038/s41598-023-40032-9 

Abd El-Halim, A.E.-H.A., Abd El-Razek, U.A.E.-H., 2014. Effect of different irrigation intervals on water 
saving, water productivity and grain yield of maize (Zea mays L.) under the double ridge-furrow 
planting technique. Archives of Agronomy and Soil Science 60, 587–596. 
https://doi.org/10.1080/03650340.2013.825900 

Abdalla, A., Becker, M., Stellmacher, T., 2023. The contribution of agronomic management to 
sustainably intensify Egypt’s wheat production. Agriculture 13, 978. 
https://doi.org/10.3390/agriculture13050978 

Abdelaal, H.S.A., Thilmany, D., 2019. Grains production prospects and long run food security in Egypt. 
Sustainability 11, 4457. https://doi.org/10.3390/su11164457 

Abdelkader, A., Elshorbagy, A., Tuninetti, M., Laio, F., Ridolfi, L., Fahmy, H., Hoekstra, A.Y., 2018. 
National water, food, and trade modeling framework: The case of Egypt. Science of The Total 
Environment 639, 485–496. https://doi.org/10.1016/j.scitotenv.2018.05.197 

Abdelmageed, K., Chang, X., Wang, D., Wang, Y., Yang, Y., Zhao, G., Tao, Z., 2019. Evolution of 
varieties and development of production technology in Egypt wheat: A review. Journal of 
Integrative Agriculture 18, 483–495. https://doi.org/10.1016/S2095-3119(18)62053-2 

Abdelraouf, R. e., Ragab, R., 2018. Applying partial root drying drip irrigation in the presence of organic 
mulching. Is that the best irrigation practice for arid regions? Field and modelling study using 
the saltmed model. Irrigation and Drainage 67, 491–507. https://doi.org/10.1002/ird.2249 

Abdi, A.M., Seaquist, J., Tenenbaum, D.E., Eklundh, L., Ardö, J., 2014. The supply and demand of net 
primary production in the Sahel. Environment Research Letters 9, 094003. 
https://doi.org/10.1088/1748-9326/9/9/094003 

Abrams, L., 2018. Unlocking the potential of enhanced rainfed agriculture. Report no. 39. Stockholm 
International Water Institute (SIWI), Stockholm, Sweden. 

AbuZeid, K.M., 2020. Existing and recommended water policies in Egypt, in: Zekri, S. (Ed.), Water 
policies in MENA countries, global issues in water policy. Springer International Publishing, 
Cham, Switzerland, pp. 47–62. https://doi.org/10.1007/978-3-030-29274-4_3 

African Union, 2020. Communiqué of the 2nd Extraordinary African Union (AU) Bureau of the Assembly 
of Heads of State and Government video-teleconference Meeting on the Grand Ethiopian 
Renaissance Dam (GERD) | African Union. URL 
https://au.int/en/pressreleases/20200724/hosg-communique-2nd-meetinng-grand-ethiopian-
renaissance-dam-gerd (accessed 10.20.20). 

Agza, B., Bekele, R., Shiferaw, L., 2018. Quinoa (Chenopodium quinoa, Wild.): As a potential ingredient 
of injera in Ethiopia. Journal of Cereal Science 82, 170–174. 
https://doi.org/10.1016/j.jcs.2018.06.009 

Al Zayed, I.S., Elagib, N.A., Ribbe, L., Heinrich, J., 2015. Spatio-temporal performance of large-scale 
Gezira Irrigation Scheme, Sudan. Agricultural Systems 133, 131–142. 
https://doi.org/10.1016/j.agsy.2014.10.009 

Alavaisha, E., Mbande, V., Börjeson, L., Lindborg, R., 2021. Effects of land use change related to small-
scale irrigation schemes in Kilombero wetland, Tanzania. Frontiers in Environmental Science 
9, 297. https://doi.org/10.3389/fenvs.2021.611686 

Allen, R.G., Pereira, L.S., Howell, T.A., Jensen, M.E., 2011. Evapotranspiration information reporting: 
I. Factors governing measurement accuracy. Agricultural Water Management 98, 899–920. 
https://doi.org/10.1016/j.agwat.2010.12.015 

Al‐Saidi, M., Elagib, N.A., Ribbe, L., Schellenberg, T., Roach, E., Oezhan, D., 2017. Water-energy-food 
security nexus in the Eastern Nile Basin, in: Water-Energy-Food Nexus. American Geophysical 
Union (AGU), pp. 103–116. https://doi.org/10.1002/9781119243175.ch10 

Al-Saidi, M., Hefny, A., 2018. Institutional arrangements for beneficial regional cooperation on water, 
energy and food priority issues in the Eastern Nile Basin. Journal of Hydrology 562, 821–831. 
https://doi.org/10.1016/j.jhydrol.2018.05.009 

Alshallash, K.S., Makled, K.M., Saeed, K.F., Shehab, A.A., Farouk, A.S.M., Hamdy, A.E., 2023. Drip 
irrigation and compost applications improved the growth, productivity, and water use efficiency 



References                                                                                                                              
 

102 

of some varieties of bread wheat. Agronomy 13, 139. 
https://doi.org/10.3390/agronomy13010139 

Alwang, J., Sabry, S., Shideed, K., Swelam, A., Halila, H., 2018. Economic and food security benefits 
associated with raised-bed wheat production in Egypt. Food Security 10, 589–601. 
https://doi.org/10.1007/s12571-018-0794-3 

Amer, K.H., 2010. Corn crop response under managing different irrigation and salinity levels. 
Agricultural Water Management 97, 1553–1563. https://doi.org/10.1016/j.agwat.2010.05.010 

Amer, S.E.-D., Arsano, Y., El-Battahani, A., Hamad, O.E.-T., Hefny, M.A.E.-M., Tamrat, I., Mason, S.A., 
2005. Sustainable development and international cooperation in the Eastern Nile Basin. 
Aquatic Sciences 67, 3–14. https://doi.org/10.1007/s00027-004-0764-z 

Anderson, M.C., Norman, J.M., Mecikalski, J.R., Otkin, J.A., Kustas, W.P., 2007. A climatological study 
of evapotranspiration and moisture stress across the continental United States based on 
thermal remote sensing: 2. Surface moisture climatology. Journal of Geophysical Research: 
Atmospheres 112. https://doi.org/10.1029/2006JD007507 

AQUASTAT, 2016. AQUASTAT - FAO’s Global Information System on Water and Agriculture. URL 
http://www.fao.org/aquastat/en/countries-and-basins/country-profiles/ (accessed 3.22.20). 

Arjoon, D., Mohamed, Y., Goor, Q., Tilmant, A., 2014. Hydro-economic risk assessment in the eastern 
Nile River basin. Water Resources and Economics, Economics of Transboundary Water 
Resources Management 8, 16–31. https://doi.org/10.1016/j.wre.2014.10.004 

Asante, M., Becker, M., Angulo, C., Fosu, M., Dogbe, W., 2017. Seasonal nitrogen dynamics in lowland 
rice cropping systems in inland valleys of northern Ghana. Journal of Plant Nutrition and Soil 
Science 180, 87–95. https://doi.org/10.1002/jpln.201600209 

Asseng, S., Kheir, A.M.S., Kassie, B.T., Hoogenboom, G., Abdelaal, A.I.N., Haman, D.Z., Ruane, A.C., 
2018. Can Egypt become self-sufficient in wheat? Environment Research Letters 13, 094012. 
https://doi.org/10.1088/1748-9326/aada50 

Attia, A., El-Hendawy, S., Al-Suhaibani, N., Alotaibi, M., Tahir, M.U., Kamal, K.Y., 2021. Evaluating 
deficit irrigation scheduling strategies to improve yield and water productivity of maize in arid 
environment using simulation. Agricultural Water Management 249, 106812. 
https://doi.org/10.1016/j.agwat.2021.106812 

Awulachew, S., Demissie, S., Hagos, F., Erkossa, T., Peden, D.G., 2012. Water management 
intervention analysis in the Nile Basin, in: Awulachew B.S., Smakhtin D.V. Molden D., Peden 
D., The Nile River Basin: Water, agriculture, governance and livelihoods, pp. 292–311. 
Routledge. 

Awulachew, S., Rebelo, L.-M., Molden, D., 2010. The Nile Basin: tapping the unmet agricultural 
potential of Nile waters. Water International 35, 623–654. 
https://doi.org/10.1080/02508060.2010.513091 

Awulachew, S., Yilma, A.D., Loulseged, M., Loiskandl, W., Ayana, M., Alamirew, T., 2007. Water 
resources and irrigation development in Ethiopia. International Water Management Institutte 
(IWMI), Colombo, Sri Lanka. 

Ayehu, G.T., Tadesse, T., Gessesse, B., Dinku, T., 2018. Validation of new satellite rainfall products 
over the Upper Blue Nile Basin, Ethiopia. Atmospheric Measurement Techniques 11, 1921–
1936. https://doi.org/10.5194/amt-11-1921-2018 

Ayele, H.H., Bultosa, G., Abera, T., Astatkie, T., 2017. Nutritional and sensory quality of wheat bread 
supplemented with cassava and soybean flours. Cogent Food & Agriculture 3, 1331892. 
https://doi.org/10.1080/23311932.2017.1331892 

Ayyad, S., Al Zayed, I.S., Ha, V.T.T., Ribbe, L., 2019. The performance of satellite-based actual 
evapotranspiration products and the assessment of irrigation efficiency in Egypt. Water 11, 
1913. https://doi.org/10.3390/w11091913 

Ayyad, S., Karimi, P., Langensiepen, M., Ribbe, L., Rebelo, L.-M., Becker, M., 2022. Remote sensing 
assessment of available green water to increase crop production in seasonal floodplain 
wetlands of sub-Saharan Africa. Agricultural Water Management 269, 107712. 
https://doi.org/10.1016/j.agwat.2022.107712 

Ayyad, S., Khalifa, M., 2021. Will the Eastern Nile countries be able to sustain their crop production by 
2050? An outlook from water and land perspectives. Science of The Total Environment 775, 
145769. https://doi.org/10.1016/j.scitotenv.2021.145769 

Balasubramanian, V., Sie, M., Hijmans, R.J., Otsuka, K., 2007. Increasing rice production in sub-
Saharan Africa: Challenges and opportunities, in: Sparks, D.L. (Ed.), Advances in Agronomy. 
Academic Press, pp. 55–133. https://doi.org/10.1016/S0065-2113(06)94002-4 



References                                                                                                                              
 

103 

Baldassarre, G.D., Elshamy, M., Griensven, A. van, Soliman, E., Kigobe, M., Ndomba, P., Mutemi, J., 
Mutua, F., Moges, S., Xuan, Y., Solomatine, D., Uhlenbrook, S., 2011. Future hydrology and 
climate in the River Nile basin: a review. Hydrological Sciences Journal 56, 199–211. 
https://doi.org/10.1080/02626667.2011.557378 

Basheer, M., Wheeler, K.G., Ribbe, L., Majdalawi, M., Abdo, G., Zagona, E.A., 2018. Quantifying and 
evaluating the impacts of cooperation in transboundary river basins on the water-energy-food 
nexus: The Blue Nile Basin. Science of The Total Environment 630, 1309–1323. 
https://doi.org/10.1016/j.scitotenv.2018.02.249 

Bastiaanssen, W.G.M., Cheema, M.J.M., Immerzeel, W.W., Miltenburg, I.J., Pelgrum, H., 2012. Surface 
energy balance and actual evapotranspiration of the transboundary Indus Basin estimated from 
satellite measurements and the ETLook model. Water Resources Research 48. 
https://doi.org/10.1029/2011WR010482 

Bastiaanssen, W.G.M., Karimi, P., Rebelo, L.-M., Duan, Z., Senay, G., Muthuwatte, L., Smakhtin, V., 
2014. Earth observation based assessment of the water production and water consumption of 
Nile Basin agro-ecosystems. Remote Sensing 6, 10306–10334. 
https://doi.org/10.3390/rs61110306 

Bastiaanssen, W.G.M., Steduto, P., 2017. The water productivity score (WPS) at global and regional 
level: Methodology and first results from remote sensing measurements of wheat, rice and 
maize. Science of The Total Environment 575, 595–611. 
https://doi.org/10.1016/j.scitotenv.2016.09.032 

Beuel, S., Alvarez, M., Amler, E., Behn, K., Kotze, D., Kreye, C., Leemhuis, C., Wagner, K., Willy, D.K., 
Ziegler, S., Becker, M., 2016. A rapid assessment of anthropogenic disturbances in East African 
wetlands. Ecological Indicators 67, 684–692. https://doi.org/10.1016/j.ecolind.2016.03.034 

Biazin, B., Sterk, G., Temesgen, M., Abdulkedir, A., Stroosnijder, L., 2012. Rainwater harvesting and 
management in rainfed agricultural systems in sub-Saharan Africa – A review. Physics and 
Chemistry of the Earth, Parts A/B/C, Recent Advances in Water Resources Management 47–
48, 139–151. https://doi.org/10.1016/j.pce.2011.08.015 

Blackmore, D., Whittington, D., 2008. Opportunities for cooperative water resources development on 
the Eastern Nile: Risks and rewards. Report to the Eastern Nile Council of Ministers, Nile Basin 
Initiative, Entebbe, 555. 

Blatchford, M.L., Mannaerts, C.M., Njuki, S.M., Nouri, H., Zeng, Y., Pelgrum, H., Wonink, S., Karimi, P., 
2020. Evaluation of WaPOR V2 evapotranspiration products across Africa. Hydrological 
Processes 34, 3200–3221. https://doi.org/10.1002/hyp.13791 

Blatchford, M.L., Mannaerts, C.M., Zeng, Y., Nouri, H., Karimi, P., 2019. Status of accuracy in remotely 
sensed and in-situ agricultural water productivity estimates: A review. Remote Sensing of 
Environment 234, 111413. https://doi.org/10.1016/j.rse.2019.111413 

Brink, A.B., Eva, H.D., 2009. Monitoring 25 years of land cover change dynamics in Africa: A sample 
based remote sensing approach. Applied Geography 29, 501–512. 
https://doi.org/10.1016/j.apgeog.2008.10.004 

Brouwer, C., Heibloem, M., 1986. Irrigation water management: irrigation water needs. Training manual 
3. Food and Agriculture Organization of the United Nations - FAO, Rome, Italy. 

Brouwer, C., Prins, K., Heibloem, M., 1989. Irrigation water management: irrigation scheduling. Food 
and Agriculture Organization of the United Nations - FAO, Rome, Italy. 

Buchhorn, M., Lesiv, M., Tsendbazar, N.-E., Herold, M., Bertels, L., Smets, B., 2020. Copernicus global 
land cover layers—collection 2. Remote Sensing 12, 1044. https://doi.org/10.3390/rs12061044 

Burghof, S., Gabiri, G., Stumpp, C., Chesnaux, R., Reichert, B., 2018. Development of a 
hydrogeological conceptual wetland model in the data-scarce north-eastern region of 
Kilombero Valley, Tanzania. Hydrogeology Journal 26, 267–284. 
https://doi.org/10.1007/s10040-017-1649-2 

CAPMAS, 2023. Central Agency for Public Mobilization and Statistics. URL 
http://www.capmas.gov.eg/HomePage.aspx (accessed 3.1.23). 

CAPMAS, 2020. Central Agency for Public Mobilization and Statistics. URL 
http://www.capmas.gov.eg/HomePage.aspx (accessed 1.30.20). 

Cassman, K.G., Grassini, P., 2020. A global perspective on sustainable intensification research. Nature 
Sustainability 3, 262–268. https://doi.org/10.1038/s41893-020-0507-8 

CBS, 2020. Central Bureau of Statistic. URL http://cbs.gov.sd/index.php/en/home/index (accessed 
1.30.20). 



References                                                                                                                              
 

104 

Chakraborti, R., Davis, K.F., DeFries, R., Rao, N.D., Joseph, J., Ghosh, S., 2023. Crop switching for 
water sustainability in India’s food bowl yields co-benefits for food security and farmers’ profits. 
Nature Water 1, 864–878. https://doi.org/10.1038/s44221-023-00135-z 

Changalima, Z.B., Rangsipaht, S., Nakasathien, S., 2020. The socio-economic and institutional factors 
affecting farmers’ preferences for selection of rice varieties in Kilombero District, Morogoro 
region, Tanzania. International Journal of Agricultural Technology 16, 597–610. http://www.ijat-
aatsea.com/ 

Chukalla, A.D., Mul, M.L., van der Zaag, P., van Halsema, G., Mubaya, E., Muchanga, E., den Besten, 
N., Karimi, P., 2022. A framework for irrigation performance assessment using WaPOR data: 
the case of a sugarcane estate in Mozambique. Hydrology and Earth System Sciences 26, 
2759–2778. https://doi.org/10.5194/hess-26-2759-2022 

Connor, J.A., Farhat, S.K., Vanderford, M., 2012. GSI Mann-Kendall toolkit for constituent trend 
analysis, user’s manual. GSI Environmental Inc., Houston, Texas, USA. 

Cosgrove, W.J., Loucks, D.P., 2015. Water management: Current and future challenges and research 
directions. Water Resources Research 51, 4823–4839. 
https://doi.org/10.1002/2014WR016869 

CSA, 2020. Central Statistical Agency (CSA). URL http://www.csa.gov.et/ (accessed 1.30.20). 
Davis, K.F., Chiarelli, D.D., Rulli, M.C., Chhatre, A., Richter, B., Singh, D., DeFries, R., 2018. Alternative 

cereals can improve water use and nutrient supply in India. Science Advances 4, eaao1108. 
https://doi.org/10.1126/sciadv.aao1108 

Dembélé, M., Ceperley, N., Zwart, S.J., Salvadore, E., Mariethoz, G., Schaefli, B., 2020. Potential of 
satellite and reanalysis evaporation datasets for hydrological modelling under various model 
calibration strategies. Advances in Water Resources 143, 103667. 
https://doi.org/10.1016/j.advwatres.2020.103667 

Didan, K., 2015. MOD13Q1 MODIS/Terra Vegetation Indices 16-Day L3 Global 250m SIN Grid V006. 
NASA EOSDIS Land Processes DAAC. https://doi.org/10.5067/MODIS/MOD13Q1.006. 

Digna, R.F., Mohamed, Y.A., Zaag, P. van der, Uhlenbrook, S., Corzo, G.A., 2017. Nile River Basin 
modelling for water resources management – a literature review. International Journal of River 
Basin Management 15, 39–52. https://doi.org/10.1080/15715124.2016.1228656 

Dinar, A., Tieu, A., Huynh, H., 2019. Water scarcity impacts on global food production. Global Food 
Security 23, 212–226. https://doi.org/10.1016/j.gfs.2019.07.007 

Dinku, T., Funk, C., Peterson, P., Maidment, R., Tadesse, T., Gadain, H., Ceccato, P., 2018. Validation 
of the CHIRPS satellite rainfall estimates over eastern Africa. Quarterly Journal of the Royal 
Meteorological Society 144, 292–312. https://doi.org/10.1002/qj.3244 

Dost, M., Bimal, M., EL-Nahrawy, M., Khan, S., Serkan, A., 2014. Egyptian clover (Trifolium 
alexandrinum): King of forage crops. FAO, Rome, Italy. 

Duncan, J.M.A., Dash, J., Atkinson, P.M., 2015. The potential of satellite-observed crop phenology to 
enhance yield gap assessments in smallholder landscapes. Frontiers in Environmental Science 
3. https://doi.org/10.3389/fenvs.2015.00056 

El Hawary, A., Atta, Y., El Saadi, A., 2015. Assessment of the DRAINMOD-N II model for simulating 
nitrogen losses in newly reclaimed lands of Egypt. Alexandria Engineering Journal 54, 1305–
1313. https://doi.org/10.1016/j.aej.2015.05.020 

El-Agha, D.E., Molden, D.J., Ghanem, A.M., 2011. Performance assessment of irrigation water 
management in old lands of the Nile delta of Egypt. Irrigation and Drainage Systems 25, 215–
236. https://doi.org/10.1007/s10795-011-9116-z 

El-Agha, D.E., Molle, F., Metwally, M.I., Emara, S.R., Shalby, A., Armanuos, A.M., Negm, A., Gado, 
T.A., 2023. Review: Toward sustainable management of groundwater in the deserts of Egypt. 
Hydrogeology Journal. https://doi.org/10.1007/s10040-023-02738-y 

Elagib, N.A., Khalifa, M., Rahma, A.E., Babker, Z., Gamaledin, S.I., 2019. Performance of major 
mechanized rainfed agricultural production in Sudan: Sorghum vulnerability and resilience to 
climate since 1970. Agricultural and Forest Meteorology 276–277, 107640. 
https://doi.org/10.1016/j.agrformet.2019.107640 

El-Hendawy, S.E., Hokam, E.M., Schmidhalter, U., 2008. Drip irrigation frequency: The effects and their 
interaction with nitrogen fertilization on sandy soil water distribution, maize yield and water use 
efficiency under Egyptian conditions. Journal of Agronomy and Crop Science 194, 180–192. 
https://doi.org/10.1111/j.1439-037X.2008.00304.x 

El-Kilani, R.M.M., Sugita, M., 2017. Irrigation methods and water requirements in the Nile Delta, in: 
Satoh, M., Aboulroos, S. (Eds.), Irrigated Agriculture in Egypt: Past, Present and Future. 



References                                                                                                                              
 

105 

Springer International Publishing, Cham, Switzerland, pp. 125–151. 
https://doi.org/10.1007/978-3-319-30216-4_6 

Elmahdy, A.M., Ahmed, Y.M., Bakr, A.A.A., Abdallah, A.M., Abdelghany, A.M., El-Sorady, G.A., Elbana, 
A.A.A., Lamlom, S.F., 2023. Revolutionizing maize farming with potassium silicate foliar spray 
and water management techniques. Silicon 15, 7121–7135. https://doi.org/10.1007/s12633-
023-02540-1 

El-Marsafawy, S.M., Mohamed, A.I., 2021. Water footprint of Egyptian crops and its economics. 
Alexandria Engineering Journal 60, 4711–4721. https://doi.org/10.1016/j.aej.2021.03.019 

Elmoghazy, A.M., Elshenawy, M.M., 2019. Sustainable Cultivation of Rice in Egypt, in: Negm, A.M., 
Abu-hashim, M. (Eds.), Sustainability of agricultural environment in Egypt: Part I: Soil-Water-
Food Nexus, The Handbook of Environmental Chemistry. Springer International Publishing, 
Cham, Switzerland, pp. 119–144. https://doi.org/10.1007/698_2018_241 

El-Porai, E.S., Salama, A.E., Sharaf, A.M., Hegazy, A.I., Gadallah, M.G.E., 2013. Effect of different 
milling processes on Egyptian wheat flour properties and pan bread quality. Annals of 
Agricultural Sciences 58, 51–59. https://doi.org/10.1016/j.aoas.2013.01.008 

El-Sanatawy, A.M., El-Kholy, A.S.M., Ali, M.M.A., Awad, M.F., Mansour, E., 2021. Maize seedling 
establishment, grain yield and crop water productivity response to seed priming and irrigation 
management in a Mediterranean arid environment. Agronomy 11, 756. 
https://doi.org/10.3390/agronomy11040756 

Elsayed, H., Djordjevic, S., Savic, D., Tsoukalas, I., Makropoulos, C., 2022a. Water-food-energy nexus 
for transboundary cooperation in Eastern Africa. Water Supply 22, 3567–3587. 
https://doi.org/10.2166/ws.2022.001 

Elsayed, H., Ibrahim, H., Farag, H., Sobeih, M.F., 2022b. Remote sensing-based techniques for water 
management in small-scale farms in arid climate. Water Supply 22, 6692–6714. 
https://doi.org/10.2166/ws.2022.288 

ESA, 2017. ESA. Land Cover CCI Product User Guide Version 2. Tech. Rep. (2017). Available at: 
maps.elie.ucl.ac.be/CCI/viewer/download/ESACCI-LC-Ph2-PUGv2_2.0.pdf. 

ESRI, 2019. ArcGIS desktop. Redlands, CA: Environmental Systems Research Institute (ESRI). URL 
https://www.esri.com/en-us/arcgis/about-arcgis/overview. 

Falkenmark, M., 2018. Shift in water thinking crucial for sub-Saharan Africa’s future, in: Biswas, A.K., 
Tortajada, C., Rohner, P. (Eds.), Assessing Global Water Megatrends, Water Resources 
Development and Management. Springer, Singapore, pp. 147–177. 
https://doi.org/10.1007/978-981-10-6695-5_9 

Falkenmark, M., 2003. Freshwater as shared between society and ecosystems: from divided 
approaches to integrated challenges. Philosophical Transactions of the Royal Society of 
London. Series B: Biological Sciences 358, 2037–2049. https://doi.org/10.1098/rstb.2003.1386 

Falkenmark, M., Rockström, J., 2010. Building water resilience in the face of global change: From a 
blue-only to a green-blue water approach to land-water management. Journal of Water 
Resources Planning and Management 136, 606–610. 
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000118 

Falkenmark, M., Rockström, J., 2006. The new blue and green water paradigm: Breaking new ground 
for water resources planning and management. Journal of Water Resources Planning and 
Management 132, 129–132. https://doi.org/10.1061/(ASCE)0733-9496(2006)132:3(129) 

FAO, 2023a. World Food and Agriculture – Statistical Yearbook 2023. FAO, Rome. 
https://doi.org/10.4060/cc8166en 

FAO, 2023b. WaPOR - The FAO portal to monitor water productivity through open access or remotely 
sensed derived data. URL https://wapor.apps.fao.org/home/WAPOR_2/1 (accessed 9.13.23). 

FAO, 2023c. AquaCrop | Land & Water | Food and Agriculture Organization of the United Nations | 
Land & Water | Food and Agriculture Organization of the United Nations. URL 
https://www.fao.org/land-water/databases-and-software/aquacrop/en/ (accessed 9.14.23). 

FAO, 2022. The State of the World’s Land and Water Resources for Food and Agriculture – Systems 
at breaking point. Main report. FAO, Rome, Italy. https://doi.org/10.4060/cb9910en 

FAO, 2020a. WaPOR database methodology: Version 2 release, April 2020. Rome, Italy. 
https://doi.org/10.4060/ca9894en. 

FAO, 2020b. WaPOR V2 quality assessment – Technical Report on the Data Quality of the WaPOR 
FAO Database version 2. FAO, Rome, Italy. 



References                                                                                                                              
 

106 

FAO, IFAD, UNICEF, WFP & WHO, 2023. The State of Food Security and Nutrition in the World 2023: 
Urbanization, agrifood systems transformation and healthy diets across the rural–urban 
continuum. FAO, Rome, Italy. https://doi.org/10.4060/cc3017en 

FAOSTAT, 2023. Food and Agriculture Data. URL https://www.fao.org/faostat/en/#home (accessed 
3.20.23). 

FAOSTAT, 2018. Food and agriculture data. URL http://www.fao.org/faostat/en/#home (accessed 
3.22.20). 

Ferede, W., Abebe, S., 2014. The efficacy of water treaties in the Eastern Nile Basin. Africa Spectrum 
49, 55–67. https://doi.org/10.1177/000203971404900103 

Fernández, J.E., Alcon, F., Diaz-Espejo, A., Hernandez-Santana, V., Cuevas, M.V., 2020. Water use 
indicators and economic analysis for on-farm irrigation decision: A case study of a super high 
density olive tree orchard. Agricultural Water Management 237, 106074. 
https://doi.org/10.1016/j.agwat.2020.106074 

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1-km spatial resolution climate surfaces for global 
land areas. International Journal of Climatology 37, 4302–4315. 
https://doi.org/10.1002/joc.5086 

Fischer, R.A., Turner, N.C., 1978. Plant productivity in the arid and semiarid zones. Annual Review of 
Plant Biology 29, 277–317. https://doi.org/10.1146/annurev.pp.29.060178.001425 

Fitton, N., Alexander, P., Arnell, N., Bajzelj, B., Calvin, K., Doelman, J., Gerber, J.S., Havlik, P., 
Hasegawa, T., Herrero, M., Krisztin, T., van Meijl, H., Powell, T., Sands, R., Stehfest, E., West, 
P.C., Smith, P., 2019. The vulnerabilities of agricultural land and food production to future water 
scarcity. Global Environmental Change 58, 101944. 
https://doi.org/10.1016/j.gloenvcha.2019.101944 

Foley, D.J., Thenkabail, P.S., Aneece, I.P., Teluguntla, P.G., Oliphant, A.J., 2020. A meta-analysis of 
global crop water productivity of three leading world crops (wheat, corn, and rice) in the irrigated 
areas over three decades. International Journal of Digital Earth 13, 939–975. 
https://doi.org/10.1080/17538947.2019.1651912 

Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., Johnston, M., Mueller, N.D., 
O’Connell, C., Ray, D.K., West, P.C., Balzer, C., Bennett, E.M., Carpenter, S.R., Hill, J., 
Monfreda, C., Polasky, S., Rockström, J., Sheehan, J., Siebert, S., Tilman, D., Zaks, D.P.M., 
2011. Solutions for a cultivated planet. Nature 478, 337–342. 
https://doi.org/10.1038/nature10452 

Friedl, M., Sulla-Menashe, D., 2019. MCD12Q1 MODIS/Terra+Aqua Land Cover Type Yearly L3 Global 
500m SIN Grid V006. NASA EOSDIS Land Processes DAAC. 
https://doi.org/10.5067/MODIS/MCD12Q1.006 (accessed 7.4.21). 

Friedl, M.A., Sulla-Menashe, D., Tan, B., Schneider, A., Ramankutty, N., Sibley, A., Huang, X., 2010. 
MODIS Collection 5 global land cover: Algorithm refinements and characterization of new 
datasets. Remote Sensing of Environment 114, 168–182. 
https://doi.org/10.1016/j.rse.2009.08.016 

Fritz, S., See, L., Bayas, J.C.L., Waldner, F., Jacques, D., Becker-Reshef, I., Whitcraft, A., Baruth, B., 
Bonifacio, R., Crutchfield, J., Rembold, F., Rojas, O., Schucknecht, A., Van der Velde, M., 
Verdin, J., Wu, B., Yan, N., You, L., Gilliams, S., Mücher, S., Tetrault, R., Moorthy, I., McCallum, 
I., 2019. A comparison of global agricultural monitoring systems and current gaps. Agricultural 
Systems 168, 258–272. https://doi.org/10.1016/j.agsy.2018.05.010 

Fritz, S., See, L., Rembold, F., 2010. Comparison of global and regional land cover maps with statistical 
information for the agricultural domain in Africa. International Journal of Remote Sensing 31, 
2237–2256. https://doi.org/10.1080/01431160902946598 

Fu, Y., Zhong, X., Zeng, J., Liang, K., Pan, J., Xin, Y., Liu, Y., Hu, X., Peng, B., Chen, R., Hu, R., Huang, 
N., 2021. Improving grain yield, nitrogen use efficiency and radiation use efficiency by dense 
planting, with delayed and reduced nitrogen application, in double cropping rice in South China. 
Journal of Integrative Agriculture 20, 565–580. https://doi.org/10.1016/S2095-3119(20)63380-
9 

Funk, C., Peterson, P., Landsfeld, M., Pedreros, D., Verdin, J., Shukla, S., Husak, G., Rowland, J., 
Harrison, L., Hoell, A., Michaelsen, J., 2015. The climate hazards infrared precipitation with 
stations—a new environmental record for monitoring extremes. Scientific Data 2, 1–21. 
https://doi.org/10.1038/sdata.2015.66 



References                                                                                                                              
 

107 

Gabiri, G., Burghof, S., Diekkrüger, B., Leemhuis, C., Steinbach, S., Näschen, K., 2018. Modeling 
spatial soil water dynamics in a tropical floodplain, East Africa. Water 10, 191. 
https://doi.org/10.3390/w10020191 

Gandhi, G.M., Parthiban, S., Thummalu, N., Christy, A., 2015. Ndvi: Vegetation change detection using 
remote sensing and Gis – A case study of Vellore District. Procedia Computer Science, 3rd 
International Conference on Recent Trends in Computing 2015 (ICRTC-2015) 57, 1199–1210. 
https://doi.org/10.1016/j.procs.2015.07.415 

Gebrekidan, B.H., Heckelei, T., Rasch, S., 2020. Characterizing farmers and farming system in 
Kilombero Valley floodplain, Tanzania. Sustainability 12, 7114. 
https://doi.org/10.3390/su12177114 

Gebremicael, T.G., Mohamed, Y.A., van der Zaag, P., Berhe, A.G., Haile, G.G., Hagos, E.Y., Hagos, 
M.K., 2017. Comparison and validation of eight satellite rainfall products over the rugged 
topography of Tekeze-Atbara Basin at different spatial and temporal scales. Hydrology and 
Earth System Sciences Discussions 1–31. https://doi.org/10.5194/hess-2017-504 

Giambalvo, D., Amato, G., Stringi, L., 2011. Effects of stubble height and cutting frequency on regrowth 
of berseem clover in a Mediterranean semiarid environment. Crop Science 51, 1808–1814. 
https://doi.org/10.2135/cropsci2010.05.0271 

Godfray, H.C.J., 2015. The debate over sustainable intensification. Food Security 7, 199–208. 
https://doi.org/10.1007/s12571-015-0424-2 

Godfray, H.C.J., Garnett, T., 2014. Food security and sustainable intensification. Philosophical 
Transactions of the Royal Society B: Biological Sciences 369, 20120273. 
https://doi.org/10.1098/rstb.2012.0273 

Gomaa, M.A., Kandil, E.E., El-Dein, A.A.M.Z., Abou-Donia, M.E.M., Ali, H.M., Abdelsalam, N.R., 2021. 
Increase maize productivity and water use efficiency through application of potassium silicate 
under water stress. Scientific Reports 11, 224. https://doi.org/10.1038/s41598-020-80656-9 

Goor, Q., Halleux, C., Mohamed, Y., Tilmant, A., 2010. Optimal operation of a multipurpose 
multireservoir system in the Eastern Nile River Basin. Hydrology and Earth System Sciences 
14, 1895–1908. https://doi.org/10.5194/hess-14-1895-2010 

GRiSP, 2013. Rice almanac, 4th edition. International Rice Research Institute. Los Baños, The 
Philippines. 

Hafez, E., Farig, M., 2019. Efficacy of salicylic acid as a cofactor for ameliorating effects of water stress 
and enhancing wheat yield and water use efficiency in saline soil. International Journal of Plant 
Production 13, 163–176. https://doi.org/10.1007/s42106-019-00036-w 

Hafez, E.M., Gowayed, S.M., Nehela, Y., Sakran, R.M., Rady, A.M.S., Awadalla, A., Omara, A.E.-D., 
Alowaiesh, B.F., 2021. Incorporated biochar-based soil amendment and exogenous Glycine 
Betaine foliar application ameliorate rice (Oryza sativa L.) tolerance and resilience to osmotic 
stress. Plants 10, 1930. https://doi.org/10.3390/plants10091930 

Hall, C., Dawson, T.P., Macdiarmid, J.I., Matthews, R.B., Smith, P., 2017. The impact of population 
growth and climate change on food security in Africa: looking ahead to 2050. International 
Journal of Agricultural Sustainability 15, 124–135. 
https://doi.org/10.1080/14735903.2017.1293929 

Hamouda, M.A., Nour El-Din, M.M., Moursy, F.I., 2009. Vulnerability assessment of water resources 
systems in the Eastern Nile Basin. Water Resoures Management 23, 2697–2725. 
https://doi.org/10.1007/s11269-009-9404-7 

Harris, I., Osborn, T.J., Jones, P., Lister, D., 2020. Version 4 of the CRU TS monthly high-resolution 
gridded multivariate climate dataset. Sci Data 7, 109. https://doi.org/10.1038/s41597-020-0453-
3 

Hatfield, J.L., Dold, C., 2019. Chapter 1 - Photosynthesis in the solar corridor system, in: Deichman, 
C.L., Kremer, R.J. (Eds.), The Solar Corridor Crop System. Academic Press, Cambridge, USA, 
pp. 1–33. https://doi.org/10.1016/B978-0-12-814792-4.00001-2 

Hereher, M.E., 2013. The status of Egypt’s agricultural lands using MODIS Aqua data. The Egyptian 
Journal of Remote Sensing and Space Science 16, 83–89. 
https://doi.org/10.1016/j.ejrs.2013.03.001 

Higginbottom, T.P., Adhikari, R., Dimova, R., Redicker, S., Foster, T., 2021. Performance of large-scale 
irrigation projects in sub-Saharan Africa. Nature Sustainability 4, 501–508. 
https://doi.org/10.1038/s41893-020-00670-7 

Hoekstra, A.Y., Chapagain, A.K., Mekonnen, M.M., Aldaya, M.M., 2011. The water footprint 
assessment manual: Setting the global standard. Routledge, London, UK. 



References                                                                                                                              
 

108 

Höllermann, B., Näschen, K., Tibanyendela, N., Kwesiga, J., Evers, M., 2021. Dynamics of human–
water interactions in the Kilombero Valley, Tanzania: Insights from farmers’ aspirations and 
decisions in an uncertain environment. The European Journal of Development Research. 
https://doi.org/10.1057/s41287-021-00390-4 

Huang, Z., Hejazi, M., Tang, Q., Vernon, C.R., Liu, Y., Chen, M., Calvin, K., 2019. Global agricultural 
green and blue water consumption under future climate and land use changes. Journal of 
Hydrology 574, 242–256. https://doi.org/10.1016/j.jhydrol.2019.04.046 

Inocencio, A., Kikuchi, M., Tonosaki, M., Maruyama, A., Merrey, D., Sally, H., de Jong, I., 2007. Costs 
and performance of irrigation projects: A comparison of sub-Saharan Africa and other 
developing regions. International Water Management Institute - IWMI, Colombo, Sri Lanka. 

Ito, A., Inatomi, M., 2012. Water-use efficiency of the terrestrial biosphere: A model analysis focusing 
on interactions between the global carbon and water cycles. Journal of Hydrometeorology 13, 
681–694. https://doi.org/10.1175/JHM-D-10-05034.1 

Jackson, R.D., Idso, S.B., Reginato, R.J., Pinter Jr., P.J., 1981. Canopy temperature as a crop water 
stress indicator. Water Resources Research 17, 1133–1138. 
https://doi.org/10.1029/WR017i004p01133 

Jayne, T.S., Sanchez, P.A., 2021. Agricultural productivity must improve in sub-Saharan Africa. Science 
372, 1045–1047. https://doi.org/10.1126/science.abf5413 

Jeuland, M., Wu, X., Whittington, D., 2017. Infrastructure development and the economics of 
cooperation in the Eastern Nile. Water International 42, 121–141. 
https://doi.org/10.1080/02508060.2017.1278577 

Jiang, S., Liang, C., Cui, N., Zhao, L., Liu, C., Feng, Y., Hu, X., Gong, D., Zou, Q., 2020. Water use 
efficiency and its drivers in four typical agroecosystems based on flux tower measurements. 
Agricultural and Forest Meteorology 295, 108200. 
https://doi.org/10.1016/j.agrformet.2020.108200 

Jindo, K., Kozan, O., Iseki, K., Maestrini, B., van Evert, F.K., Wubengeda, Y., Arai, E., Shimabukuro, 
Y.E., Sawada, Y., Kempenaar, C., 2021. Potential utilization of satellite remote sensing for field-
based agricultural studies. Chemical and Biological Technologies in Agriculture 8, 58. 
https://doi.org/10.1186/s40538-021-00253-4 

Joshi, N., Baumann, M., Ehammer, A., Fensholt, R., Grogan, K., Hostert, P., Jepsen, M.R., Kuemmerle, 
T., Meyfroidt, P., Mitchard, E.T.A., Reiche, J., Ryan, C.M., Waske, B., 2016. A review of the 
application of optical and radar remote sensing data fusion to land use mapping and monitoring. 
Remote Sensing 8, 70. https://doi.org/10.3390/rs8010070 

Kandil, E.E., 2013. Response of some maize hybrids (Zea mays L.) to different levels of nitrogenous 
fertilization. Journal of Applied Sciences Research 9, 1902–1908. 

Kandil, E.E., Lamlom, S.F., Gheith, E.-S.M.S., Javed, T., Ghareeb, R.Y., Abdelsalam, N.R., Hussain, 
S., 2023. Biofortification of maize growth, productivity and quality using nano-silver, silicon and 
zinc particles with different irrigation intervals. The Journal of Agricultural Science 161, 339–
355. https://doi.org/10.1017/S0021859623000345 

Kangalawe, R.Y.M., Liwenga, E.T., 2005. Livelihoods in the wetlands of Kilombero Valley in Tanzania: 
Opportunities and challenges to integrated water resource management. Physics and 
Chemistry of the Earth, Parts A/B/C, Integrated Water Resources Management (IWRM) and 
the Millennium Development Goals: Managing Water for Peace and Prosperity 30, 968–975. 
https://doi.org/10.1016/j.pce.2005.08.044 

Karimi, P., Bastiaanssen, W.G.M., 2015. Spatial evapotranspiration, rainfall and land use data in water 
accounting – Part 1: Review of the accuracy of the remote sensing data. Hydrology and Earth 
System Sciences 19, 507–532. https://doi.org/10.5194/hess-19-507-2015 

Karimi, P., Bastiaanssen, W.G.M., Molden, D., 2013. Water Accounting Plus (WA+) – a water 
accounting procedure for complex river basins based on satellite measurements. Hydrology 
and Earth System Sciences 17, 2459–2472. https://doi.org/10.5194/hess-17-2459-2013 

Karimi, P., Bongani, B., Blatchford, M., de Fraiture, C., 2019. Global satellite-based ET products for the 
local level irrigation management: An application of irrigation performance assessment in the 
sugarbelt of Swaziland. Remote Sensing 11, 705. https://doi.org/10.3390/rs11060705 

Karimi, P., Molden, D.J., Notenbaet, A., Peden, D.G., 2012. Nile Basin farming systems and 
productivity, in: Awulachew B.S., Smakhtin D.V. Molden D., Peden D., The Nile River Basin: 
Water, agriculture, governance and livelihoods, pp. 133–153. Routledge, London, UK. 

Kato, F., 2007. Development of a major rice cultivation area in the Kilombero Valley, Tanzania. African 
study monographs. Supplementary issue. 36, 3–18. https://doi.org/10.14989/68498 



References                                                                                                                              
 

109 

Keys, P.W., Falkenmark, M., 2018. Green water and African sustainability. Food Security 10, 537–548. 
https://doi.org/10.1007/s12571-018-0790-7 

Khalifa, M., Elagib, N.A., Ahmed, B.M., Ribbe, L., Schneider, K., 2020. Exploring socio-hydrological 
determinants of crop yield in under-performing irrigation schemes: pathways for sustainable 
intensification. Hydrological Sciences Journal 65, 153–168. 
https://doi.org/10.1080/02626667.2019.1688333 

Khalifa, M., Elagib, N.A., Ribbe, L., Schneider, K., 2018. Spatio-temporal variations in climate, primary 
productivity and efficiency of water and carbon use of the land cover types in Sudan and 
Ethiopia. Science of The Total Environment 624, 790–806. 
https://doi.org/10.1016/j.scitotenv.2017.12.090 

Kheir, A.M.S., Ali, E.F., Ahmed, M., Eissa, M.A., Majrashi, A., Ali, O.A.M., 2021a. Biochar blended 
humate and vermicompost enhanced immobilization of heavy metals, improved wheat 
productivity, and minimized human health risks in different contaminated environments. Journal 
of Environmental Chemical Engineering 9, 105700. https://doi.org/10.1016/j.jece.2021.105700 

Kheir, A.M.S., Alkharabsheh, H.M., Seleiman, M.F., Al-Saif, A.M., Ammar, K.A., Attia, A., Zoghdan, 
M.G., Shabana, M.M.A., Aboelsoud, H., Schillaci, C., 2021a. Calibration and validation of 
AQUACROP and APSIM models to optimize wheat yield and water saving in arid regions. Land 
10, 1375. https://doi.org/10.3390/land10121375 

Kheir, A.M.S., Alrajhi, A.A., Ghoneim, A.M., Ali, E.F., Magrashi, A., Zoghdan, M.G., Abdelkhalik, S.A.M., 
Fahmy, A.E., Elnashar, A., 2021c. Modeling deficit irrigation-based evapotranspiration 
optimizes wheat yield and water productivity in arid regions. Agricultural Water Management 
256, 107122. https://doi.org/10.1016/j.agwat.2021.107122 

Kirimi, F., Thiong’o, K., Gabiri, G., Diekkrüger, B., Thonfeld, F., 2018. Assessing seasonal land cover 
dynamics in the tropical Kilombero floodplain of East Africa. Journal of Applied Remote Sensing 
12, 026027. https://doi.org/10.1117/1.JRS.12.026027 

Kluger, D.M., Wang, S., Lobell, D.B., 2021. Two shifts for crop mapping: Leveraging aggregate crop 
statistics to improve satellite-based maps in new regions. Remote Sensing of Environment 262, 
112488. https://doi.org/10.1016/j.rse.2021.112488 

Koko, I.A., Misana, S.B., Kessler, A., Fleskens, L., 2020. Valuing ecosystem services: stakeholders’ 
perceptions and monetary values of ecosystem services in the Kilombero wetland of Tanzania. 
Ecosystems and People 16, 411–426. https://doi.org/10.1080/26395916.2020.1847198 

Kotir, J.H., 2011. Climate change and variability in Sub-Saharan Africa: a review of current and future 
trends and impacts on agriculture and food security. Environment, Development and 
Sustainability 13, 587–605. https://doi.org/10.1007/s10668-010-9278-0 

Koutsouris, A.J., Chen, D., Lyon, S.W., 2016. Comparing global precipitation data sets in eastern Africa: 
a case study of Kilombero Valley, Tanzania. International Journal of Climatology 36, 2000–
2014. https://doi.org/10.1002/joc.4476 

Kremen, C., Iles, A., Bacon, C., 2012. Diversified farming systems: An agroecological, systems-based 
alternative to modern industrial agriculture. Ecology and Society 17. https://doi.org/10.5751/ES-
05103-170444 

Kuyah, S., Sileshi, G.W., Nkurunziza, L., Chirinda, N., Ndayisaba, P.C., Dimobe, K., Öborn, I., 2021. 
Innovative agronomic practices for sustainable intensification in sub-Saharan Africa. A review. 
Agronomy for Sustainable Development 41, 16. https://doi.org/10.1007/s13593-021-00673-4 

Kwesiga, J., Grotelüschen, K., Neuhoff, D., Senthilkumar, K., Döring, T.F., Becker, M., 2019. Site and 
management effects on grain yield and yield variability of rainfed lowland eice in the Kilombero 
floodplain of Tanzania. Agronomy 9, 632. https://doi.org/10.3390/agronomy9100632 

Kwesiga, J., Grotelüschen, K., Senthilkumar, K., Neuhoff, D., Döring, T.F., Becker, M., 2020a. Rice 
yield gaps in smallholder systems of the Kilombero floodplain in Tanzania. Agronomy 10, 1135. 
https://doi.org/10.3390/agronomy10081135 

Kwesiga, J., Grotelüschen, K., Senthilkumar, K., Neuhoff, D., Döring, T.F., Becker, M., 2020b. Effect of 
organic amendments on the productivity of rainfed lowland rice in the Kilombero floodplain of 
Tanzania. Agronomy 10, 1280. https://doi.org/10.3390/agronomy10091280 

Langensiepen, M., Opiyo, E.O., Kaudia, A.A., Rugege, D., Richard, K., Akotsi, E., Ashitiva, D., Ningu, 
J.K., Munyazikwiye, F., Ngaboyamahina, T., Urassa, J.K., Ugen, M., Sebashongore, D., 
Oyieke, H., Misana, S., Kammesheidt, L., Becker, M., 2023. Reconciling East-African wetland 
conservation with human needs: Managing uncertainties in environmental policy design. 
Wetlands 43, 36. https://doi.org/10.1007/s13157-023-01679-2 



References                                                                                                                              
 

110 

Leemhuis, C., Thonfeld, F., Näschen, K., Steinbach, S., Muro, J., Strauch, A., López, A., Daconto, G., 
Games, I., Diekkrüger, B., 2017. Sustainability in the food-water-ecosystem nexus: The role of 
land use and land cover change for water resources and ecosystems in the Kilombero wetland, 
Tanzania. Sustainability 9, 1513. https://doi.org/10.3390/su9091513 

Lesiv, M., Fritz, S., McCallum, I., Tsendbazar, N., Herold, M., Pekel, J.-F., Buchhorn, M., Smets, B., 
Van De Kerchove, R., 2017. Evaluation of ESA CCI prototype land cover map at 20m (Working 
paper). WP-17-021, IIASA, Laxenburg, Austria. 

Li, Z., Chen, Y., Wang, Y., Fang, G., 2016. Dynamic changes in terrestrial net primary production and 
their effects on evapotranspiration. Hydrology and Earth System Sciences 20, 2169–2178. 
https://doi.org/10.5194/hess-20-2169-2016 

Licker, R., Johnston, M., Foley, J.A., Barford, C., Kucharik, C.J., Monfreda, C., Ramankutty, N., 2010. 
Mind the gap: how do climate and agricultural management explain the ‘yield gap’ of croplands 
around the world? Global Ecology and Biogeography 19, 769–782. 
https://doi.org/10.1111/j.1466-8238.2010.00563.x 

Lindquist, J.L., Arkebauer, T.J., Walters, D.T., Cassman, K.G., Dobermann, A., 2005. Maize radiation 
use efficiency under optimal growth conditions. Agronomy Journal 97, 72–78. 
https://doi.org/10.2134/agronj2005.0072 

Liu, J., Yang, H., 2010. Spatially explicit assessment of global consumptive water uses in cropland: 
Green and blue water. Journal of Hydrology, Green-Blue Water Initiative (GBI) 384, 187–197. 
https://doi.org/10.1016/j.jhydrol.2009.11.024 

Liu, K., Yang, R., Deng, J., Huang, L., Wei, Z., Ma, G., Tian, X., Zhang, Y., 2020. High radiation use 
efficiency improves yield in the recently developed elite hybrid rice Y-liangyou 900. Field Crops 
Research 253, 107804. https://doi.org/10.1016/j.fcr.2020.107804 

Liu, Y., Xiao, J., Ju, W., Zhou, Y., Wang, S., Wu, X., 2015. Water use efficiency of China’s terrestrial 
ecosystems and responses to drought. Scientific Reports 5, 1–12. 
https://doi.org/10.1038/srep13799 

Lobell, D.B., Cassman, K.G., Field, C.B., 2009. Crop yield gaps: Their importance, magnitudes, and 
causes. Annual Review of Environment and Resources 34, 179–204. 
https://doi.org/10.1146/annurev.environ.041008.093740 

MacKay, H., Finlayson, C.M., Fernández-Prieto, D., Davidson, N., Pritchard, D., Rebelo, L.-M., 2009. 
The role of Earth Observation (EO) technologies in supporting implementation of the Ramsar 
Convention on Wetlands. Journal of Environmental Management 90, 2234–2242. 
https://doi.org/10.1016/j.jenvman.2008.01.019 

Mahmoud, M.A., Ouda, S., El-Hafez, S. abd, 2016. High water-consuming crops under control: Case 
of rice crop, in: Ouda, S. (Ed.), Major Crops and Water Scarcity in Egypt: Irrigation Water 
Management under Changing Climate, SpringerBriefs in Water Science and Technology. 
Springer International Publishing, Cham, Switzerland, pp. 69–84. https://doi.org/10.1007/978-
3-319-21771-0_5 

Mandishona, E., Knight, J., 2022. Inland wetlands in Africa: A review of their typologies and ecosystem 
services. Progress in Physical Geography: Earth and Environment 46, 547–565. 
https://doi.org/10.1177/03091333221075328 

Mango, N., Siziba, S., Makate, C., 2017. The impact of adoption of conservation agriculture on 
smallholder farmers’ food security in semi-arid zones of southern Africa. Agriculture & Food 
Security 6, 32. https://doi.org/10.1186/s40066-017-0109-5 

Mason, S.A., Hagmann, T., Bichsel, C., Ludi, E., Arsano, Y., 2009. Linkages between sub-national and 
international water conflicts: The Eastern Nile Basin, in: Brauch, H.G., Spring, Ú.O., Grin, J., 
Mesjasz, C., Kameri-Mbote, P., Behera, N.C., Chourou, B., Krummenacher, H. (Eds.), Facing 
Global Environmental Change: Environmental, Human, Energy, Food, Health and Water 
Security Concepts. Springer Berlin Heidelberg, Berlin, Heidelberg, Germany, pp. 325–334. 
https://doi.org/10.1007/978-3-540-68488-6_21 

Mauser, W., Klepper, G., Zabel, F., Delzeit, R., Hank, T., Putzenlechner, B., Calzadilla, A., 2015. Global 
biomass production potentials exceed expected future demand without the need for cropland 
expansion. Nature Communications 6, 8946. https://doi.org/10.1038/ncomms9946 

McCartney, M., Rebelo, L.-M., Senaratna Sellamuttu, S., De Silva, S., 2010. Wetlands, agriculture and 
poverty reduction (Report). International Water Management Institute., Colombo, Sri Lanka. 

McNamara, I., Baez-Villanueva, O.M., Zomorodian, A., Ayyad, S., Zambrano-Bigiarini, M., Zaroug, M., 
Mersha, A., Nauditt, A., Mbuliro, M., Wamala, S., Ribbe, L., 2021. How well do gridded 
precipitation and actual evapotranspiration products represent the key water balance 



References                                                                                                                              
 

111 

components in the Nile Basin? Journal of Hydrology: Regional Studies 37, 100884. 
https://doi.org/10.1016/j.ejrh.2021.100884 

MEA, 2005. Millennium Ecosystem Assessment. Ecosystems and Human Well-being: Synthesis. Island 
Press, Washington, DC. 

Mehana, M., Abdelrahman, M., Emadeldin, Y., Rohila, J.S., Karthikeyan, R., 2021. Impact of genetic 
improvements of rice on its water use and effects of climate variability in Egypt. Agriculture 11, 
865. https://doi.org/10.3390/agriculture11090865 

Mekawy, A.M.M., Assaha, D.V.M., Yahagi, H., Tada, Y., Ueda, A., Saneoka, H., 2015. Growth, 
physiological adaptation, and gene expression analysis of two Egyptian rice cultivars under salt 
stress. Plant Physiology and Biochemistry 87, 17–25. 
https://doi.org/10.1016/j.plaphy.2014.12.007 

Mekonnen, Hoekstra, A.Y., 2011a. National water footprint accounts: the green, blue and grey water 
footprint of production and consumption (No. 50), Value of water. Unesco-IHE Institute for 
Water Education, Delft, The Netherlands. 

Mekonnen, Hoekstra, A.Y., 2011b. The green, blue and grey water footprint of crops and derived crop 
products. Hydrology and Earth System Sciences 15, 1577–1600. https://doi.org/10.5194/hess-
15-1577-2011 

Mekonnen, M.M., Hoekstra, A.Y., 2016. Four billion people facing severe water scarcity. Science 
Advances 2, e1500323. https://doi.org/10.1126/sciadv.1500323 

Mekonnen, M.M., Hoekstra, A.Y., 2014. Water footprint benchmarks for crop production: A first global 
assessment. Ecological Indicators 46, 214–223. https://doi.org/10.1016/j.ecolind.2014.06.013 

Mekonnen, M.M., Hoekstra, A.Y., Neale, C.M.U., Ray, C., Yang, H.S., 2020. Water productivity 
benchmarks: The case of maize and soybean in Nebraska. Agricultural Water Management 
234, 106122. https://doi.org/10.1016/j.agwat.2020.106122 

Mengistu, D.T., Sorteberg, A., 2012. Sensitivity of SWAT simulated streamflow to climatic changes 
within the Eastern Nile River basin. Hydrology and Earth System Sciences 16, 391–407. 
https://doi.org/10.5194/hess-16-391-2012 

Miralles, D.G., De Jeu, R. a. M., Gash, J.H., Holmes, T.R.H., Dolman, A.J., 2011. Magnitude and 
variability of land evaporation and its components at the global scale. Hydrology and Earth 
System Sciences 15, 967–981. https://doi.org/10.5194/hess-15-967-2011 

Mitchell, S.A., 2013. The status of wetlands, threats and the predicted effect of global climate change: 
the situation in Sub-Saharan Africa. Aquatic Sciences 75, 95–112. 
https://doi.org/10.1007/s00027-012-0259-2 

Mitiku, D.H., Abera, S., Bussa, N., Abera, T., 2018. Physico-chemical characteristics and sensory 
evaluation of wheat bread partially substituted with sweet potato (Ipomoea batatas L.) flour. 
British Food Journal 120, 1764–1775. https://doi.org/10.1108/BFJ-01-2018-0015 

Molden, D., Murray-Rust, H., Sakthivadivel, R., Makin, I., 2003. A water-productivity framework for 
understanding and action., in: Kijne, J.W., Barker, R., Molden, D. (Eds.), Water Productivity in 
Agriculture: Limits and Opportunities for Improvement. CABI, Wallingford, UK, pp. 1–18. 
https://doi.org/10.1079/9780851996691.0001 

Molden, D., Oweis, T., Steduto, P., Bindraban, P., Hanjra, M.A., Kijne, J., 2010. Improving agricultural 
water productivity: Between optimism and caution. Agricultural Water Management, 
Comprehensive Assessment of Water Management in Agriculture 97, 528–535. 
https://doi.org/10.1016/j.agwat.2009.03.023 

Molden, D.J., Gates, T.K., 1990. Performance measures for evaluation of irrigation‐water‐delivery 
systems. Journal of Irrigation and Drainage Engineering 116, 804–823. 
https://doi.org/10.1061/(ASCE)0733-9437(1990)116:6(804) 

Mombo, F., Speelman, S., Huylenbroeck, G.V., Hella, J., Pantaleo, M., Moe, S., 2011. Ratification of 
the Ramsar convention and sustainable wetlands management: Situation analysis of the 
Kilombero Valley wetlands in Tanzania. Journal of Agricultural Extension and Rural 
Development 3, 153–164. https://doi.org/10.5897/JAERD.9000059 

Monteith, J.L., 1965. Evaporation and environment. Symposia of the Society for Experimental Biology 
19, 205–234. 

Mostafa, S.M., Wahed, O., El-Nashar, W.Y., El-Marsafawy, S.M., Zeleňáková, M., Abd-Elhamid, H.F., 
2021. Potential climate change impacts on water resources in Egypt. Water 13, 1715. 
https://doi.org/10.3390/w13121715 



References                                                                                                                              
 

112 

Motlagh, M., Bhaduri, A., Bogardi, J.J., Ribbe, L., 2017. The role of trust-building in fostering 
cooperation in the Eastern Nile Basin: A case of experimental game application. Journal of 
Natural Resources and Development 7, 73–83. https://doi.org/10.5027/jnrd.v7i0.09 

Mousa, A.M.M., Abdelghany, M., 2022. Effect of planting methods on the productivity of some Egyptian 
rice (Oryza sativa L.) cultivars. Journal of Plant Production 13, 775–781. 
https://doi.org/10.21608/jpp.2022.152877.1148 

Msofe, N.K., Sheng, L., Lyimo, J., 2019. Land use change trends and their driving forces in the 
Kilombero Valley floodplain, southeastern Tanzania. Sustainability 11, 505. 
https://doi.org/10.3390/su11020505 

Mueller, N.D., Gerber, J.S., Johnston, M., Ray, D.K., Ramankutty, N., Foley, J.A., 2012. Closing yield 
gaps through nutrient and water management. Nature 490, 254–257. 
https://doi.org/10.1038/nature11420 

Multsch, S., Elshamy, M.E., Batarseh, S., Seid, A.H., Frede, H.-G., Breuer, L., 2017. Improving irrigation 
efficiency will be insufficient to meet future water demand in the Nile Basin. Journal of 
Hydrology: Regional Studies 12, 315–330. https://doi.org/10.1016/j.ejrh.2017.04.007 

Munishi, S., Jewitt, G., 2019. Degradation of Kilombero Valley Ramsar wetlands in Tanzania. Physics 
and Chemistry of the Earth, Parts A/B/C 112, 216–227. 
https://doi.org/10.1016/j.pce.2019.03.008 

Muro, J., Strauch, A., Heinemann, S., Steinbach, S., Thonfeld, F., Waske, B., Diekkrüger, B., 2018. 
Land surface temperature trends as indicator of land use changes in wetlands. International 
Journal of Applied Earth Observation and Geoinformation 70, 62–71. 
https://doi.org/10.1016/j.jag.2018.02.002 

Muzammil, M., Zahid, A., Breuer, L., 2020. Water resources management strategies for irrigated 
agriculture in the Indus Basin of Pakistan. Water 12, 1429. https://doi.org/10.3390/w12051429 

Nabil, M., Zhang, M., Bofana, J., Wu, B., Stein, A., Dong, T., Zeng, H., Shang, J., 2020. Assessing 
factors impacting the spatial discrepancy of remote sensing based cropland products: A case 
study in Africa. International Journal of Applied Earth Observation and Geoinformation 85, 
102010. https://doi.org/10.1016/j.jag.2019.102010 

Nada, R.M., Abogadallah, G.M., 2018. Root-favoured biomass allocation improves growth and yield of 
field-grown rice (Oryza sativa L.) plants only when the shoot sink is expandable. Acta 
Physiologiae Plantarum 40, 123. https://doi.org/10.1007/s11738-018-2697-5 

Nakalembe, C., Becker-Reshef, I., Bonifacio, R., Hu, G., Humber, M.L., Justice, C.J., Keniston, J., 
Mwangi, K., Rembold, F., Shukla, S., Urbano, F., Whitcraft, A.K., Li, Y., Zappacosta, M., Jarvis, 
I., Sanchez, A., 2021. A review of satellite-based global agricultural monitoring systems 
available for Africa. Global Food Security 29, 100543. 
https://doi.org/10.1016/j.gfs.2021.100543 

Nakawuka, P., Langan, S., Schmitter, P., Barron, J., 2018. A review of trends, constraints and 
opportunities of smallholder irrigation in East Africa. Global Food Security 17, 196–212. 
https://doi.org/10.1016/j.gfs.2017.10.003 

Narasimhan, B., Srinivasan, R., 2005. Development and evaluation of Soil Moisture Deficit Index 
(SMDI) and Evapotranspiration Deficit Index (ETDI) for agricultural drought monitoring. 
Agricultural and Forest Meteorology 133, 69–88. 
https://doi.org/10.1016/j.agrformet.2005.07.012 

Näschen, K., Diekkrüger, B., Leemhuis, C., Steinbach, S., Seregina, L.S., Thonfeld, F., Van der Linden, 
R., 2018. Hydrological modeling in data-scarce catchments: The Kilombero floodplain in 
Tanzania. Water 10, 599. https://doi.org/10.3390/w10050599 

Nashwan, M.S., Shahid, S., Wang, X., 2019. Assessment of satellite-based precipitation measurement 
products over the hot desert climate of Egypt. Remote Sensing 11, 555. 
https://doi.org/10.3390/rs11050555 

NBWRA, 2020. Nile Basin Water Resources Atlas. URL http://atlas.nilebasin.org/start/ (accessed 
3.16.20). 

Nikiel, C.A., Eltahir, E.A.B., 2021. Past and future trends of Egypt’s water consumption and its sources. 
Nature Communications 12, 4508. https://doi.org/10.1038/s41467-021-24747-9 

Noon, M.L., Goldstein, A., Ledezma, J.C., Roehrdanz, P.R., Cook-Patton, S.C., Spawn-Lee, S.A., 
Wright, T.M., Gonzalez-Roglich, M., Hole, D.G., Rockström, J., Turner, W.R., 2021. Mapping 
the irrecoverable carbon in Earth’s ecosystems. Nature Sustainability 1–10. 
https://doi.org/10.1038/s41893-021-00803-6 



References                                                                                                                              
 

113 

Omar, M.E.D.M., Moussa, A.M.A., 2016. Water management in Egypt for facing the future challenges. 
Journal of Advanced Research 7, 403–412. https://doi.org/10.1016/j.jare.2016.02.005 

Ordóñez, R.A., Archontoulis, S.V., Martinez-Feria, R., Hatfield, J.L., Wright, E.E., Castellano, M.J., 
2020. Root to shoot and carbon to nitrogen ratios of maize and soybean crops in the US 
Midwest. European Journal of Agronomy 120, 126130. 
https://doi.org/10.1016/j.eja.2020.126130 

Orynbaikyzy, A., Gessner, U., Conrad, C., 2019. Crop type classification using a combination of optical 
and radar remote sensing data: a review. International Journal of Remote Sensing 40, 6553–
6595. https://doi.org/10.1080/01431161.2019.1569791 

Pan, J., Dong, L., 2018. Spatio-temporal variation in vegetation net primary productivity and its 
relationship with climatic factors in the Shule River basin from 2001 to 2010. Human and 
Ecological Risk Assessment: An International Journal 24, 797–818. 
https://doi.org/10.1080/10807039.2017.1400373 

Pan, S., Dangal, S.R.S., Tao, B., Yang, J., Tian, H., 2015a. Recent patterns of terrestrial net primary 
production in africa influenced by multiple environmental changes. Ecosystem Health and 
Sustainability 1, 1–15. https://doi.org/10.1890/EHS14-0027.1 

Pan, S., Tian, H., Dangal, S.R.S., Ouyang, Z., Lu, C., Yang, J., Tao, B., Ren, W., Banger, K., Yang, Q., 
Zhang, B., 2015b. Impacts of climate variability and extremes on global net primary production 
in the first decade of the 21st century. Journal of Geographical Sciences 25, 1027–1044. 
https://doi.org/10.1007/s11442-015-1217-4 

Pelgrum, H., Miltenburg, I., Cheema, M., Klaasse, A., Bastiaanssen, W., 2010. ETLook a novel 
continental evapotranspiration algorithm, in: Remote Sensing and Hydrology Symposium, 
Jackson Hole, Wyoming, USA. IAHS, pp. 120–123. 

Peng, J., Albergel, C., Balenzano, A., Brocca, L., Cartus, O., Cosh, M.H., Crow, W.T., Dabrowska-
Zielinska, K., Dadson, S., Davidson, M.W.J., de Rosnay, P., Dorigo, W., Gruber, A., Hagemann, 
S., Hirschi, M., Kerr, Y.H., Lovergine, F., Mahecha, M.D., Marzahn, P., Mattia, F., Musial, J.P., 
Preuschmann, S., Reichle, R.H., Satalino, G., Silgram, M., van Bodegom, P.M., Verhoest, 
N.E.C., Wagner, W., Walker, J.P., Wegmüller, U., Loew, A., 2021. A roadmap for high-
resolution satellite soil moisture applications – confronting product characteristics with user 
requirements. Remote Sensing of Environment 252, 112162. 
https://doi.org/10.1016/j.rse.2020.112162 

Pérez-Hoyos, A., Rembold, F., Kerdiles, H., Gallego, J., 2017. Comparison of global land cover datasets 
for cropland monitoring. Remote Sensing 9, 1118. https://doi.org/10.3390/rs9111118 

Petersen, B., Snapp, S., 2015. What is sustainable intensification? Views from experts. Land Use Policy 
46, 1–10. https://doi.org/10.1016/j.landusepol.2015.02.002 

Potapov, P., Turubanova, S., Hansen, M.C., Tyukavina, A., Zalles, V., Khan, A., Song, X.-P., Pickens, 
A., Shen, Q., Cortez, J., 2022. Global maps of cropland extent and change show accelerated 
cropland expansion in the twenty-first century. Nature Food 3, 19–28. 
https://doi.org/10.1038/s43016-021-00429-z 

Pradhan, P., Fischer, G., Velthuizen, H. van, Reusser, D.E., Kropp, J.P., 2015. Closing yield gaps: How 
sustainable can we be? PLOS ONE 10, e0129487. 
https://doi.org/10.1371/journal.pone.0129487 

Pradhan, S., Sehgal, V.K., Bandyopadhyay, K.K., Panigrahi, P., Parihar, C.M., Jat, S.L., 2018. 
Radiation interception, extinction coefficient and use efficiency of wheat crop at various 
irrigation and nitrogen levels in a semi-arid location. Indian Journal of Plant Physiology 23, 416–
425. https://doi.org/10.1007/s40502-018-0400-x 

Pretty, J., Bharucha, Z.P., 2014. Sustainable intensification in agricultural systems. Annals of Botany 
114, 1571–1596. https://doi.org/10.1093/aob/mcu205 

Rada, N., Helfand, S., Magalhães, M., 2019. Agricultural productivity growth in Brazil: Large and small 
farms excel. Food Policy 84, 176–185. https://doi.org/10.1016/j.foodpol.2018.03.014 

Rady, M.O.A., Semida, W.M., Howladar, Saad.M., Abd El-Mageed, T.A., 2021. Raised beds modulate 
physiological responses, yield and water use efficiency of wheat (Triticum aestivum L) under 
deficit irrigation. Agricultural Water Management 245, 106629. 
https://doi.org/10.1016/j.agwat.2020.106629 

Rebelo, L.-M., Finlayson, C.M., Nagabhatla, N., 2009. Remote sensing and GIS for wetland inventory, 
mapping and change analysis. Journal of Environmental Management 90, 2144–2153. 
https://doi.org/10.1016/j.jenvman.2007.06.027 



References                                                                                                                              
 

114 

Rebelo, L.-M., McCartney, M.P., Finlayson, C.M., 2010. Wetlands of Sub-Saharan Africa: distribution 
and contribution of agriculture to livelihoods. Wetlands Ecology and Management 18, 557–572. 
https://doi.org/10.1007/s11273-009-9142-x 

Rockström, J., 2003. Water for food and nature in drought–prone tropics: vapour shift in rain–fed 
agriculture. Philosophical Transactions of the Royal Society of London. Series B: Biological 
Sciences 358, 1997–2009. https://doi.org/10.1098/rstb.2003.1400 

Rockström, J., Falkenmark, M., 2015. Agriculture: Increase water harvesting in Africa. Nature 519, 283–
285. https://doi.org/10.1038/519283a 

Rockström, J., Falkenmark, M., Karlberg, L., Hoff, H., Rost, S., Gerten, D., 2009. Future water 
availability for global food production: The potential of green water for increasing resilience to 
global change. Water Resources Research 45. https://doi.org/10.1029/2007WR006767 

Rockström, J., Karlberg, L., Wani, S.P., Barron, J., Hatibu, N., Oweis, T., Bruggeman, A., Farahani, J., 
Qiang, Z., 2010. Managing water in rainfed agriculture—The need for a paradigm shift. 
Agricultural Water Management, Comprehensive Assessment of Water Management in 
Agriculture 97, 543–550. https://doi.org/10.1016/j.agwat.2009.09.009 

Rockström, J., Williams, J., Daily, G., Noble, A., Matthews, N., Gordon, L., Wetterstrand, H., DeClerck, 
F., Shah, M., Steduto, P., de Fraiture, C., Hatibu, N., Unver, O., Bird, J., Sibanda, L., Smith, J., 
2017. Sustainable intensification of agriculture for human prosperity and global sustainability. 
Ambio 46, 4–17. https://doi.org/10.1007/s13280-016-0793-6 

Roerink, G.J., Bastiaanssen, W.G.M., Chambouleyron, J., Menenti, M., 1997. Relating crop water 
consumption to irrigation water supply by remote sensing. Water Resources Management 11, 
445–465. https://doi.org/10.1023/A:1007982411718 

Rosenberg, N.J., Blad, B.L., Verma, S.B., 1983. Microclimate: The Biological Environment. John Wiley 
& Sons. 

Rost, S., Gerten, D., Bondeau, A., Lucht, W., Rohwer, J., Schaphoff, S., 2008. Agricultural green and 
blue water consumption and its influence on the global water system. Water Resources 
Research 44. https://doi.org/10.1029/2007WR006331 

Running, S.W., Mu, Q., Zhao, M., Moreno, A., 2019. MODIS Global Terrestrial Evapotranspiration (ET) 
Product (MOD16A2/A3 and Year-End Gap-Filled MOD16A2GF/A3GF) NASA Earth Observing 
System MODIS Land Algorithm (For Collection 6). 

Rusere, F., Mkuhlani, S., Crespo, O., Dicks, L.V., 2019. Developing pathways to improve smallholder 
agricultural productivity through ecological intensification technologies in semi-arid Limpopo, 
South Africa. African Journal of Science, Technology, Innovation and Development 11, 543–
553. https://doi.org/10.1080/20421338.2018.1550936 

Sadras, V.O., Villalobos, F.J., Fereres, E., 2016. Radiation Interception, Radiation Use Efficiency and 
Crop Productivity, in: Villalobos, F.J., Fereres, E. (Eds.), Principles of Agronomy for Sustainable 
Agriculture. Springer International Publishing, Cham, Switzerland, pp. 169–188. 
https://doi.org/10.1007/978-3-319-46116-8_13 

Safi A., A.R., Karimi, P., Mul, M., Chukalla, A., de Fraiture, C., 2022. Translating open-source remote 
sensing data to crop water productivity improvement actions. Agricultural Water Management 
261, 107373. https://doi.org/10.1016/j.agwat.2021.107373 

Safi C., C., Pareeth, S., Yalew, S., van der Zaag, P., Mul, M., 2023. Estimating agricultural water 
productivity using remote sensing derived data. Modeling Earth Systems and Environment. 
https://doi.org/10.1007/s40808-023-01841-z 

Said, A., Zohry, A.E.-H., Ouda, S., 2016. Unconventional solution to increase water and land 
productivity under water scarcity, in: Ouda, S. (Ed.), Major Crops and Water Scarcity in Egypt: 
Irrigation Water Management under Changing Climate, SpringerBriefs in Water Science and 
Technology. Springer International Publishing, Cham, Switzerland, pp. 99–115. 
https://doi.org/10.1007/978-3-319-21771-0_7 

Sakané, N., Alvarez, M., Becker, M., Böhme, B., Handa, C., Kamiri, H.W., Langensiepen, M., Menz, G., 
Misana, S., Mogha, N.G., Möseler, B.M., Mwita, E.J., Oyieke, H.A., van Wijk, M.T., 2011. 
Classification, characterisation, and use of small wetlands in East Africa. Wetlands 31, 1103–
1116. https://doi.org/10.1007/s13157-011-0221-4 

Salama, H.S.A., 2020. Mixture cropping of berseem clover with cereals to improve forage yield and 
quality under irrigated conditions of the Mediterranean basin. Annals of Agricultural Sciences 
65, 159–167. https://doi.org/10.1016/j.aoas.2020.09.001 



References                                                                                                                              
 

115 

Salama, H.S.A., El-Zaiat, H.M., Sallam, S.M.A., Soltan, Y.A., 2020. Agronomic and qualitative 
characterization of multi-cut berseem clover (Trifolium alexandrinum L.) cultivars. Journal of the 
Science of Food and Agriculture 100, 3857–3865. https://doi.org/10.1002/jsfa.10424 

Salama, H.S.A., Nawar, A.I., Khalil, H.E., Shaalan, A.M., 2021. Improvement of maize productivity and 
N use efficiency in a no-tillage irrigated farming system: Effect of cropping sequence and 
fertilization management. Plants 10, 1459. https://doi.org/10.3390/plants10071459 

Sallam, O.M., 2014. Water footprints as an indicator for the equitable utilization of shared water 
resources: (Case study: Egypt and Ethiopia shared water resources in Nile Basin). Journal of 
African Earth Sciences 100, 645–655. https://doi.org/10.1016/j.jafrearsci.2014.08.007 

Salman, S.M.A., 2013. The Nile Basin Cooperative Framework Agreement: a peacefully unfolding 
African spring? Water International 38, 17–29. https://doi.org/10.1080/02508060.2013.744273 

Sasson, A., 2012. Food security for Africa: an urgent global challenge. Agriculture & Food Security 1, 
2. https://doi.org/10.1186/2048-7010-1-2 

Saudy, H.S., El–Metwally, I.M., 2023. Effect of irrigation, nitrogen sources, and metribuzin on 
performance of maize and its weeds. Communications in Soil Science and Plant Analysis 54, 
22–35. https://doi.org/10.1080/00103624.2022.2109659 

Savenije, H.H.G., 2004. The importance of interception and why we should delete the term 
evapotranspiration from our vocabulary. Hydrological Processes 18, 1507–1511. 
https://doi.org/10.1002/hyp.5563 

Schilling, J., Hertig, E., Tramblay, Y., Scheffran, J., 2020. Climate change vulnerability, water resources 
and social implications in North Africa. Regional Environmental Change 20, 15. 
https://doi.org/10.1007/s10113-020-01597-7 

Schulten, G.G.M., 1982. Hunger technology and society: Post-harvest losses in tropical Africa and their 
prevention. Food and Nutrition Bulletin 4, 1–7. 

Schuol, J., Abbaspour, K.C., Yang, H., Srinivasan, R., Zehnder, A.J.B., 2008. Modeling blue and green 
water availability in Africa. Water Resources Research 44. 
https://doi.org/10.1029/2007WR006609 

Schuyt, K.D., 2005. Economic consequences of wetland degradation for local populations in Africa. 
Ecological Economics 53, 177–190. https://doi.org/10.1016/j.ecolecon.2004.08.003 

Schyns, J.F., Hoekstra, A.Y., Booij, M.J., 2015. Review and classification of indicators of green water 
availability and scarcity. Hydrology and Earth System Sciences 19, 4581–4608. 
https://doi.org/10.5194/hess-19-4581-2015 

Schyns, J.F., Hoekstra, A.Y., Booij, M.J., Hogeboom, R.J., Mekonnen, M.M., 2019. Limits to the world’s 
green water resources for food, feed, fiber, timber, and bioenergy. Proceedings of the National 
Academy of Sciences 116, 4893–4898. https://doi.org/10.1073/pnas.1817380116 

Seijger, C., Chukalla, A., Bremer, K., Borghuis, G., Christoforidou, M., Mul, M., Hellegers, P., van 
Halsema, G., 2023. Agronomic analysis of WaPOR applications: Confirming conservative 
biomass water productivity in inherent and climatological variance of WaPOR data outputs. 
Agricultural Systems 211, 103712. https://doi.org/10.1016/j.agsy.2023.103712 

Seki, H.A., Shirima, D.D., Mustaphi, C.J.C., Marchant, R., Munishi, P.K.T., 2018. The impact of land 
use and land cover change on biodiversity within and adjacent to Kibasira Swamp in Kilombero 
Valley, Tanzania. African Journal of Ecology 56, 518–527. https://doi.org/10.1111/aje.12488 

Senay, G.B., Bohms, S., Singh, R.K., Gowda, P.H., Velpuri, N.M., Alemu, H., Verdin, J.P., 2013. 
Operational evapotranspiration mapping using remote sensing and weather datasets: A new 
parameterization for the SSEB approach. Journal of the American Water Resources 
Association 49, 577–591. 

Senkondo, W., Munishi, S.E., Tumbo, M., Nobert, J., Lyon, S.W., 2019. Comparing remotely-sensed 
surface energy balance evapotranspiration estimates in heterogeneous and data-limited 
regions: A case study of Tanzania’s Kilombero Valley. Remote Sensing 11, 1289. 
https://doi.org/10.3390/rs11111289 

Senthilkumar, K., Tesha, B.J., Mghase, J., Rodenburg, J., 2018. Increasing paddy yields and improving 
farm management: results from participatory experiments with good agricultural practices 
(GAP) in Tanzania. Paddy and Water Environment 16, 749–766. 
https://doi.org/10.1007/s10333-018-0666-7 

Shiklamonov, I., 1993. World freshwater resources, in: Gleick, P. (Ed.), Water in Crisis: A Guide to the 
World’s Fresh Water Resources. Oxford University Press, New York, USA. 

Siam, M.S., Eltahir, E.A.B., 2017. Climate change enhances interannual variability of the Nile river flow. 
Nature Climate Change 7, 350–354. https://doi.org/10.1038/nclimate3273 



References                                                                                                                              
 

116 

Siddeeg, A., Salih, Z.A., Babikir, H.S.E., Ammar, A.-F., Ali, A.O., 2017. Physiochemical and sensory 
characteristics of wheat flour bread blends with sorghum flour. International Journal of 
Agriculture Innovations and Research 6(3), 2319-1473. 

Siderius, C., Van Walsum, P.E.V., Roest, C.W.J., Smit, A.A.M.F.R., Hellegers, P.J.G.J., Kabat, P., Van 
Ierland, E.C., 2016. The role of rainfed agriculture in securing food production in the Nile Basin. 
Environmental Science & Policy 61, 14–23. https://doi.org/10.1016/j.envsci.2016.03.007 

Sidibe, Y., Williams, T.O., Kolavalli, S., 2016. Flood recession agriculture for food security in Northern 
Ghana: Literature review on extent, challenges, and opportunities. Internationall Food Policy 
Research Institute, Washongton DC, USA. 

Soliman, A.Sh., Abbas, M.S., Abol-Ella, M.F., Eassawy, M.M.T., Mohamed, R.H., 2019. Towards 
bridging wheat gap in Egypt by using cassava, quinoa and guar as supplements for the 
production of balady bread. Journal of Food Measurement and Characterization 13, 1873–
1883. https://doi.org/10.1007/s11694-019-00106-7 

Steduto, P., Hsiao, T.C., Fereres, E., Raes, D., 2012. FAO Irrigation and drainage paper 66: Crop Yield 
Response to Water. Food and Agriculture Organization of the United Nations, Rome, Italy. 

Sterling, S.M., Ducharne, A., Polcher, J., 2013. The impact of global land-cover change on the terrestrial 
water cycle. Nature Climate Change 3, 385–390. https://doi.org/10.1038/nclimate1690 

Sudmanns, M., Tiede, D., Lang, S., Bergstedt, H., Trost, G., Augustin, H., Baraldi, A., Blaschke, T., 
2019. Big Earth data: disruptive changes in Earth observation data management and analysis? 
International Journal of Digital Earth 0, 1–19. https://doi.org/10.1080/17538947.2019.1585976 

Sulser, T.B., Ringler, C., Zhu, T., Msangi, S., Bryan, E., Rosegrant, M.W., 2010. Green and blue water 
accounting in the Ganges and Nile basins: Implications for food and agricultural policy. Journal 
of Hydrology, Green-Blue Water Initiative (GBI) 384, 276–291. 
https://doi.org/10.1016/j.jhydrol.2009.10.003 

Swelam, A., Farag, A., Ramasamy, S., Ghandour, A., 2022. Effect of climate variability on water 
footprint of some grain crops under different agro-climatic regions of Egypt. Atmosphere 13, 
1180. https://doi.org/10.3390/atmos13081180 

Tawfik, R., 2019. Beyond the river: Elite perceptions and regional cooperation in the Eastern Nile Basin. 
Water Alternatives 12, 655–675. 

Terwisscha van Scheltinga, C., de Miguel Garcia, A., Wilbers, G.-J., Heesmans, H., Dankers, R., 
Smaling, E., 2021. Unravelling the interplay between water and food systems in arid and semi-
arid environments: the case of Egypt. Food Security 13, 1145–1161. 
https://doi.org/10.1007/s12571-021-01208-1 

Thonfeld, F., Steinbach, S., Muro, J., Hentze, K., Games, I., Näschen, K., Kauzeni, P.F., 2020a. The 
impact of anthropogenic land use change on the protected areas of the Kilombero catchment, 
Tanzania. ISPRS Journal of Photogrammetry and Remote Sensing 168, 41–55. 
https://doi.org/10.1016/j.isprsjprs.2020.07.019 

Thonfeld, F., Steinbach, S., Muro, J., Kirimi, F., 2020b. Long-Term land use/land cover change 
assessment of the Kilombero catchment in Tanzania using random forest classification and 
robust change vector analysis. Remote Sensing 12, 1057. https://doi.org/10.3390/rs12071057 

Thornton, P.K., Rosenstock, T., Förch, W., Lamanna, C., Bell, P., Henderson, B., Herrero, M., 2018. A 
qualitative evaluation of CSA options in mixed crop-livestock systems in developing countries, 
in: Lipper, L., McCarthy, N., Zilberman, D., Asfaw, S., Branca, G. (Eds.), Climate Smart 
Agriculture : Building Resilience to Climate Change, Natural Resource Management and Policy. 
Springer International Publishing, Cham, pp. 385–423. https://doi.org/10.1007/978-3-319-
61194-5_17 

Tian, H., Chen, G., Liu, M., Zhang, C., Sun, G., Lu, C., Xu, X., Ren, W., Pan, S., Chappelka, A., 2010. 
Model estimates of net primary productivity, evapotranspiration, and water use efficiency in the 
terrestrial ecosystems of the southern United States during 1895–2007. Forest Ecology and 
Management, Managing landscapes at multiple scales for sustainability of ecosystem functions 
259, 1311–1327. https://doi.org/10.1016/j.foreco.2009.10.009 

Tittonell, P., Giller, K.E., 2013. When yield gaps are poverty traps: The paradigm of ecological 
intensification in African smallholder agriculture. Field Crops Research, Crop Yield Gap 
Analysis – Rationale, Methods and Applications 143, 76–90. 
https://doi.org/10.1016/j.fcr.2012.10.007 

Tong, X.-J., Li, J., Yu, Q., Qin, Z., 2009. Ecosystem water use efficiency in an irrigated cropland in the 
North China Plain. Journal of Hydrology 374, 329–337. 
https://doi.org/10.1016/j.jhydrol.2009.06.030 



References                                                                                                                              
 

117 

Tsendbazar, N.-E., De Bruin, S., Fritz, S., Herold, M., 2015. Spatial accuracy assessment and 
integration of global land cover datasets. Remote Sensing 7, 15804–15821. 
https://doi.org/10.3390/rs71215804 

Tubiello, F.N., Fischer, G., 2007. Reducing climate change impacts on agriculture: Global and regional 
effects of mitigation, 2000–2080. Technological Forecasting and Social Change, Greenhouse 
Gases - Integrated Assessment 74, 1030–1056. https://doi.org/10.1016/j.techfore.2006.05.027 

United Nations, 2023a. The United Nations World Water Development Report 2023: partnerships and 
cooperation for water - UNESCO Digital Library. UNESCO, Paris, France. 

United Nations, 2023b. World Population Prospects - Population Division - United Nations. URL 
https://population.un.org/wpp/Download/Standard/Population/ (accessed 3.22.23). 

United Nations, 2015. Sustainable Development Goals. United Nations Sustainable Development. URL 
https://www.un.org/sustainabledevelopment/ (accessed 1.4.20). 

van Ittersum, M.K., Bussel, L.G.J. van, Wolf, J., Grassini, P., Wart, J. van, Guilpart, N., Claessens, L., 
Groot, H. de, Wiebe, K., Mason-D’Croz, D., Yang, H., Boogaard, H., Oort, P.A.J. van, Loon, 
M.P. van, Saito, K., Adimo, O., Adjei-Nsiah, S., Agali, A., Bala, A., Chikowo, R., Kaizzi, K., 
Kouressy, M., Makoi, J.H.J.R., Ouattara, K., Tesfaye, K., Cassman, K.G., 2016. Can sub-
Saharan Africa feed itself? PNAS 113, 14964–14969. 
https://doi.org/10.1073/pnas.1610359113 

van Ittersum, M.K., Cassman, K.G., Grassini, P., Wolf, J., Tittonell, P., Hochman, Z., 2013. Yield gap 
analysis with local to global relevance—A review. Field Crops Research, Crop Yield Gap 
Analysis – Rationale, Methods and Applications 143, 4–17. 
https://doi.org/10.1016/j.fcr.2012.09.009 

Vanlauwe, B., Coyne, D., Gockowski, J., Hauser, S., Huising, J., Masso, C., Nziguheba, G., Schut, M., 
Van Asten, P., 2014. Sustainable intensification and the African smallholder farmer. Current 
Opinion in Environmental Sustainability 8, 15–22. https://doi.org/10.1016/j.cosust.2014.06.001 

Verhoeven, J.T.A., Setter, T.L., 2010. Agricultural use of wetlands: opportunities and limitations. Annals 
of Botany 105, 155–163. https://doi.org/10.1093/aob/mcp172 

Waha, K., Wijk, M.T. van, Fritz, S., See, L., Thornton, P.K., Wichern, J., Herrero, M., 2018. Agricultural 
diversification as an important strategy for achieving food security in Africa. Global Change 
Biology 24, 3390–3400. https://doi.org/10.1111/gcb.14158 

Wambura, F.J., Dietrich, O., 2020. Analysis of agricultural drought using remotely sensed 
evapotranspiration in a data-scarce catchment. Water 12, 998. 
https://doi.org/10.3390/w12040998 

Wang, C., Guo, L., Li, Y., Wang, Z., 2012. Systematic comparison of C3 and C4 plants based on 
metabolic network analysis. BMC Systems Biology 6, S9. https://doi.org/10.1186/1752-0509-6-
S2-S9 

Wang-Erlandsson, L., van der Ent, R.J., Gordon, L.J., Savenije, H.H.G., 2014. Contrasting roles of 
interception and transpiration in the hydrological cycle – Part 1: Temporal characteristics over 
land. Earth System Dynamics 5, 441–469. https://doi.org/10.5194/esd-5-441-2014 

Wani, S.P., Rockström, J., Oweis, T.Y., 2009. Rainfed Agriculture: Unlocking the Potential. CABI. 
Weerasinghe, I., Bastiaanssen, W., Mul, M., Jia, L., van Griensven, A., 2020. Can we trust remote 

sensing evapotranspiration products over Africa? Hydrology and Earth System Sciences 24, 
1565–1586. https://doi.org/10.5194/hess-24-1565-2020 

Wei, Z., Yoshimura, K., Wang, L., Miralles, D.G., Jasechko, S., Lee, X., 2017. Revisiting the contribution 
of transpiration to global terrestrial evapotranspiration. Geophysical Research Letters 44, 
2792–2801. https://doi.org/10.1002/2016GL072235 

Weiskel, P.K., Wolock, D.M., Zarriello, P.J., Vogel, R.M., Levin, S.B., Lent, R.M., 2014. Hydroclimatic 
regimes: a distributed water-balance framework for hydrologic assessment, classification, and 
management. Hydrology and Earth System Sciences 18, 3855–3872. 
https://doi.org/10.5194/hess-18-3855-2014 

Weiss, M., Jacob, F., Duveiller, G., 2020. Remote sensing for agricultural applications: A meta-review. 
Remote Sensing of Environment 236, 111402. https://doi.org/10.1016/j.rse.2019.111402 

Wheeler, K.G., Basheer, M., Mekonnen, Z.T., Eltoum, S.O., Mersha, A., Abdo, G.M., Zagona, E.A., 
Hall, J.W., Dadson, S.J., 2016. Cooperative filling approaches for the Grand Ethiopian 
Renaissance Dam. Water International 41, 611–634. 
https://doi.org/10.1080/02508060.2016.1177698 



References                                                                                                                              
 

118 

Wheeler, K.G., Hall, J.W., Abdo, G.M., Dadson, S.J., Kasprzyk, J.R., Smith, R., Zagona, E.A., 2018. 
Exploring cooperative transboundary river management strategies for the Eastern Nile Basin. 
Water Resources Research 54, 9224–9254. https://doi.org/10.1029/2017WR022149 

Wilson, E., McInnes, R., Mbaga, D.P., Ouedraogo, P., 2017. Ramsar Advisory Mission Report; Ramsar 
Site No. 1173; Kilombero Valley, United Republic of Tanzania: Dar es Salaam, Tanzania. 

Wood, A., Dixon, A., McCartney, M., 2013. Wetland management and sustainable livelihoods in Africa, 
1st ed. Routledge, London, UK; New York, USA. 

Worldometer, 2023. African Countries by Population (2023) - Worldometer. URL 
https://www.worldometers.info/population/countries-in-africa-by-population/ (accessed 
9.20.23). 

Xiang, K., Li, Y., Horton, R., Feng, H., 2020. Similarity and difference of potential evapotranspiration 
and reference crop evapotranspiration – a review. Agricultural Water Management 232, 
106043. https://doi.org/10.1016/j.agwat.2020.106043 

Xie, H., You, L., Wielgosz, B., Ringler, C., 2014. Estimating the potential for expanding smallholder 
irrigation in Sub-Saharan Africa. Agricultural Water Management 131, 183–193. 
https://doi.org/10.1016/j.agwat.2013.08.011 

Xiong, J., Thenkabail, P., Gumma, M., Teluguntla, P., Poehnelt, J., Congalton, R., Yadav, K., Thau, D., 
2017a. Automated cropland mapping of continental Africa using Google Earth Engine cloud 
computing. ISPRS Journal of Photogrammetry and Remote Sensing 126, 225–244. 
https://doi.org/10.1016/j.isprsjprs.2017.01.019 

Xiong, J., Thenkabail, P., Tilton, J., Gumma, M., Teluguntla, P., Congalton, R., Yadav, K., Dungan, J., 
Oliphant, A., Poehnelt, J., Smith, C., Massey, R., 2017. NASA Making Earth System Data 
Records for Use in Research Environments (MEaSUREs) Global Food Security-support 
Analysis Data (GFSAD) Cropland Extent 2015 Africa 30 m V001. 2017, distributed by NASA 
EOSDIS Land Processes DAAC, 
https://doi.org/10.5067/MEaSUREs/GFSAD/GFSAD30AFCE.001 (accessed 7.4.21). 

Xu, Y., Yu, L., Feng, D., Peng, D., Li, C., Huang, X., Lu, H., Gong, P., 2019. Comparisons of three 
recent moderate resolution African land cover datasets: CGLS-LC100, ESA-S2-LC20, and 
FROM-GLC-Africa30. International Journal of Remote Sensing 40, 6185–6202. 
https://doi.org/10.1080/01431161.2019.1587207 

Yadav, K., Congalton, R.G., 2018. Accuracy assessment of global food security-support analysis data 
(GFSAD) cropland extent maps produced at three different spatial resolutions. Remote Sensing 
10, 1800. https://doi.org/10.3390/rs10111800 

Yameogo, P.L., Becker, M., Segda, Z., 2021. Seasonal soil nitrogen dynamics affect yields of lowland 
rice in the savanna zone of West Africa. Journal of Plant Nutrition and Soil Science 184, 98–
111. https://doi.org/10.1002/jpln.202000275 

Yao, Y., Liang, S., Qin, Q., Wang, K., 2010. Monitoring drought over the conterminous United States 
using MODIS and NCEP reanalysis-2 data. Journal of Applied Meteorology and Climatology 
49, 1665–1680. https://doi.org/10.1175/2010JAMC2328.1 

Yigezu, Y.A., Abbas, E., Swelam, A., Sabry, S.R.S., Moustafa, M.A., Halila, H., 2021a. Socioeconomic, 
biophysical, and environmental impacts of raised beds in irrigated wheat: A case study from 
Egypt. Agricultural Water Management 249, 106802. 
https://doi.org/10.1016/j.agwat.2021.106802 

Yigezu, Y.A., Moustafa, M.A., Mohiy, M.M., Ibrahim, S.E., Ghanem, W.M., Niane, A.-A., Abbas, E., 
Sabry, S.R.S., Halila, H., 2021b. Food Losses and Wastage along the Wheat Value Chain in 
Egypt and Their Implications on Food and Energy Security, Natural Resources, and the 
Environment. Sustainability 13, 10011. https://doi.org/10.3390/su131810011 

Zeinab, R.A., M. M, E.-G., M. Abd, E.-S.A., 2018. Substitution of wheat flour by local cereals and pulses 
flour. Alexandria Journal of Agricultural Sciences 63, 215–237. 
https://doi.org/10.21608/alexja.2018.26137 

Zeitoun, M., Allan, J.A. (Tony), Mohieldeen, Y., 2010. Virtual water ‘flows’ of the Nile Basin, 1998–2004: 
A first approximation and implications for water security. Global Environmental Change 20, 
229–242. https://doi.org/10.1016/j.gloenvcha.2009.11.003 

Zhang, K., Kimball, J.S., Running, S.W., 2016. A review of remote sensing based actual 
evapotranspiration estimation. WIREs Water 3, 834–853. https://doi.org/10.1002/wat2.1168 

Zhang, S., Zhang, X., Qiu, X., Tang, L., Zhu, Y., Cao, W., Liu, L., 2017. Quantifying the spatial variation 
in the potential productivity and yield gap of winter wheat in China. Journal of Integrative 
Agriculture 16, 845–857. https://doi.org/10.1016/S2095-3119(16)61467-3 



References                                                                                                                              
 

119 

Zhang, T., Peng, J., Liang, W., Yang, Y., Liu, Y., 2016. Spatial–temporal patterns of water use efficiency 
and climate controls in China’s Loess Plateau during 2000–2010. Science of The Total 
Environment 565, 105–122. https://doi.org/10.1016/j.scitotenv.2016.04.126 

Zhang Ying, Block Paul, Hammond Michael, King Andrew, 2015. Ethiopia’s Grand Renaissance Dam: 
Implications for downstream riparian countries. Journal of Water Resources Planning and 
Management 141, 05015002. https://doi.org/10.1061/(ASCE)WR.1943-5452.0000520 

Zhao, L., Xia, J., Xu, C., Wang, Z., Sobkowiak, L., Long, C., 2013. Evapotranspiration estimation 
methods in hydrological models. J. Geogr. Sci. 23, 359–369. https://doi.org/10.1007/s11442-
013-1015-9 

Zhao, M., Heinsch, F.A., Nemani, R.R., Running, S.W., 2005. Improvements of the MODIS terrestrial 
gross and net primary production global data set. Remote Sensing of Environment 95, 164–
176. https://doi.org/10.1016/j.rse.2004.12.011 

Zwart, S.J., Bastiaanssen, W.G.M., 2004. Review of measured crop water productivity values for 
irrigated wheat, rice, cotton and maize. Agricultural Water Management 69, 115–133. 
https://doi.org/10.1016/j.agwat.2004.04.007 



Appendices                                                                                                                                                                   
 

120 

Appendices 

Appendix A 

 

Fig. A1. a) Spatial variation of seasonal actual evapotranspiration for the studied crops in Zankalon 

(average of 2016–2021). b) Seasonal and 5-year average estimates. Data derived from WaPOR. 
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Fig. A2. a) Spatial variation of seasonal transpiration for the studied crops in Zankalon (average of 

2016–2021). b) Seasonal and 5-year average estimates. Data derived from WaPOR. 
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Appendix B 

Table B1. Selected crops in each country (included crops are marked with X). 

Crop 
category 

FAO-
code 

Crop name Egypt Sudan Ethiopia 

Cereals 15 Wheat X X X 
83 Sorghum X X X 
56 Maize X  X 
27 Rice X   
44 Barley X  X 
71 Rye X   
79 Millet  X X 
108 Teff (cereals nes)   X 

Pulses 195 Cow peas, dry  X  
211 Pulses nes  X  
181 Broad beans, horse beans, dry X X X 
191 Chick peas   X 
176 Beans, dry X  X 
201 Lentils   X 
187 Peas, dry   X 
205 Vetches   X 

Oil crops 242 Groundnuts, with shell X X X 
289 Sesame seed   X X 
299 Melon seed  X  
267 Sunflower seed  X  
333 Linseed   X 
339 Oilseeds nes   X 
260 Olives X   

Vegetables 388 Tomatoes X   
403 Onions, dry X X  
399 Eggplants X   
463 Vegetables, fresh nes X  X 

Roots and 
tubers 

116 Potatoes X  X 
122 Sweet potatoes    X 
149 Roots and tubers nes   X 
137 Yams  X  

Fiber crops 328 Seed cotton X X X 
821 Fibre crops nes   X 

Sugar crops 156 Sugar cane X X  
157 Sugar beet X   

Pimento 689 Chillies and peppers, dry   X 
Coffee 656 Coffee, green   X 
Fruits 490 Oranges X   

571 Mangoes, mangosteens, guavas X   
577 Dates X   
560 Grapes X   
567 Watermelons X   
568 Melons, other X   
495 Tangerines, mandarins, clementines, satsumas X   
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Table B2. Summarized review of studies estimating potential yield of main crops in the three countries. 

Country Crop Study Method Potential yield 
(ton ha-1) 

Yield 
gap (%)a 

Egypt Rice [1] On-station experiments & crop 
modelling 

11.6 13 

[2] Field experiment 11 8 

Wheat [3] Field experiment 9.8 30 

Crop modelling 8 14 

[4] Field experiment 7.8–8.9 12–23 

[5] Crop modelling 8.04 15 

Maize [4]  Field experiment 9.6–12.2 13–31 

[6] Census data 8.66 3 

Sudan Sorghum [7]  Field experiment 2–4 62–81 

[8]  Field experiment 2.5–3.8 70–80 

[9]  Census data 0.85–1.5 10–49 

Millet [9] Census data 3.6 80 

Wheat [10]  Field experiment 3.9 2 

[11]  Demonstration plots 3.9–5.1 2–25 

[12] Field experiment 4.2–5.9 9–35 

[9] Census data 4.1 7 

Ethiopia Teff [13]  Field research 2.7 36 

[14]  Field experiment 3 43 

[15]  Statistics econometrics models 1.95 12 

Maize [16]  On-farm and on-station trials 4.59 19 

[17]  On-farm and on-station experiments 8–12 53-69 

Crop modelling 15.66 76 

[18]  Household survey and crop models  6.3–18.1 41-79 

[19]  Household survey 6.1 39 

[20]  Field experiment 12.7–13.1 71 

[21]  Crop modelling 9.2 59 

Wheat [17]  On-farm and on-station experiments 5–5.5 44-49 

Crop modelling 9.59 71 

[22]  On-farm and on-station trials 6–7 53-60 

Barley [23]  Field survey 3.2–4.3 32-50 

[24,25] Field experiment 6 64 

Millet [17]  On-farm and on-station experiments 2.9–3.1 23-28 

Crop modelling 5.97 63 

Sorghum [17]  On-farm and on-station experiments 3.3–4.2 18-36 

Crop modelling 9.05 70 

[16]  On-farm and on-station experiments 4.26 37 
a Yield gap (%) = [(potential – attainable)/potential]*100 

[1] Fischer, R.A., Byerlee, D.R., Edmeades, G.O., 2011. Can Technology Deliver on the Yield Challenge 
to 2050?, in: Conforti, P., ed. 2011. Looking ahead in World Food and Agriculture: Perspectives to 2050, 
pp. 389–462. Food & Agriculture Org., Rome. 
[2] Anis, G.B., EL-Namaky, R.A., AL-Ashkar, I.M., Barutçular, C., El Sabagh, A., 2016. Yield potential and 

correlation analysis of some rice hybrids for yield and its component traits. Journal of Animal &Plant Sciences 30, 

4748–4757. 

[3] Asseng, S., Kheir, A.M.S., Kassie, B.T., Hoogenboom, G., Abdelaal, A.I.N., Haman, D.Z., Ruane, A.C., 2018. 

Can Egypt become self-sufficient in wheat? Environ. Res. Lett. 13, 094012. https://doi.org/10.1088/1748-

9326/aada50 

[4] Abo-El-Enein, S.A., Sherif, M., Karrou, M., Oweis, T., Benli, B., Farahani, H., 2011. Towards sustainable and 

improved water productivity in the old lands of the Nile Delta, in: M. Karrou, T. Oweis, B. Benli and A. Swelam, 

Improving water and land productivities in irrigated systems. Community-Based Optimization of the Management 

of Scarce Water Resources in Agriculture in CWANA. Report no. 10. International Center for Agricultural Research 

in the Dry Areas (ICARDA), Aleppo, Syria. 
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[5] Ouda, S.A.H., Zohry, A.E.-H., 2017. Crops Intensification to Reduce Wheat Gap in Egypt, in: Ouda, S.A.H., 

Zohry, A.E.-H., Alkitkat, H., Morsy, M., Sayad, T., Kamel, A. (Eds.), Future of Food Gaps in Egypt: Obstacles and 

Opportunities, SpringerBriefs in Agriculture. Springer International Publishing, Cham, pp. 37–56. 

https://doi.org/10.1007/978-3-319-46942-3_4 

[6] Zohry, A.E.-H., Ouda, S.A.H., 2017. Increasing Land and Water Productivities to Reduce Maize Food Gap, in: 

Ouda, S.A.H., Zohry, A.E.-H., Alkitkat, H., Morsy, M., Sayad, T., Kamel, A. (Eds.), Future of Food Gaps in Egypt: 

Obstacles and Opportunities, SpringerBriefs in Agriculture. Springer International Publishing, Cham, pp. 57–74. 

https://doi.org/10.1007/978-3-319-46942-3_5 

[7] Bashir, M.A., Dawelbeit, M.I., Eltom, M.O., Tanakamaru, H., 2015. Performance Of Different Tillage Implements 

And Their Effects On Sorghum And Maize Grown In Gezira Vertisols, Sudan. International Journal of Scientific and 

Technology Research 4, 237–242. 

[8] Ali, A.B., Hong, L., Elshaikh, N.A., Haofang, Y., 2016. Assessing impacts of water harvesting techniques on the 

water footprint of sorghum in Western Sudan: Outlook on Agriculture. https://doi.org/10.1177/0030727016665034 

[9] FAO, 2006. Fertilizer use by crop in the Sudan. Rome. URL: http://www.fao.org/3/a0416e/a0416e00.htm 

[10] Hadad, M.A., Ashraf, M.H., Samowal, M.M., 2012. The Performance of Selected Sudanese wheat (Triticm 

aestivum L.) cultivars under Modern Irrigation System (Sprinkler irrigation) in the High Terrace Soils of Sudan. 

Agriculture and Biology Journal of North America. 

http://www.sustech.edu/staff_publications/20121108113011758.pdf 

[11] Tahir, I.S.A., Mustafa, H.M., Idris, A.A.M., Elhashimi, A.M.A., Hassan, M.K., Fadul, E.M., Kurmut, A.M.A., 

Eltayeb, S.M., Meheesi, S., Hassan, A.O., Abdalla, O.S., Assefa, S., 2020. Enhancing wheat production and food 

security in Sudan through scaling up improved technologies using innovation platforms. International Journal of 

Agricultural Sustainability 18, 376–388. https://doi.org/10.1080/14735903.2020.1787639 

[12] Badaruddin, M., Reynolds, M.P., Ageeb, O.A.A., 1999. Wheat Management in Warm Environments: Effect of 
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https://doi.org/10.2134/agronj1999.916975x 

[13] Fikadu, A.A., Wedu, T.D., Derseh, E.A., 2019. Review on Economics of Teff in Ethiopia. OABB 2, 1–8. 
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