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ABSTRACT 

Frequent climatic shocks have presented challenges for rainfed agriculture in sub-Saharan 

Africa. These, compounded with low nutrient input and land degradation, make rainfed 

agriculture in the region inefficient and unsustainable. It has been suggested that 

appropriate water management practices are among the solutions to these challenges. The 

role of water harvesting in achieving sustainable agricultural intensification and specified 

resilience against climatic shocks was explored conceptually. Suitable areas for water 

harvesting in the Upper Blue Nile basin, Ethiopia, were identified using multi-criteria 

evaluation techniques in GIS. The usefulness of the Curve Number method for surface 

runoff estimation was evaluated using field data collected from three micro-watersheds in 

the Lake Tana sub-basin, and was found to perform satisfactorily under most conditions. A 

decision support system (DSS) was developed for locating and sizing of water harvesting 

ponds in the Soil and Water Assessment Tool (SWAT) for a double cropping system. 

Irrigation from water harvesting ponds was applied to bridge intra-seasonal dry spells 

during the rainy season and to cultivate cash crops during the dry season. The DSS 

determines the crop water requirement and available flow into the water harvesting ponds. 

The impact of climate change on the biophysical systems in the Lake Tana sub-basin was 

also studied. Methodological developments enabled analysis of the implications of 

intensification of water harvesting in a meso-scale watershed in the Lake Tana sub-basin, in 

terms of changes in crop production, environmental flow requirements and sediment loss in 

the light of global environmental change. 

Results suggest that water harvesting can increase agricultural productivity, sustain 

ecosystems and build specified resilience, and thereby contribute to sustainable agricultural 

intensification. There is considerable potential to tap the benefits of water harvesting in the 

Upper Blue Nile Basin. Rainfall may increase in the Lake Tana sub-basin in the coming 

century due to climate change. Supplementary irrigation from water harvesting ponds 

combined with better nutrient application increased staple crop (teff) production by up to 

three-fold. Moreover, a substantial amount of cash crop was produced using dry seasonal 

irrigation. Water harvesting altered the streamflow regime – a decrease in annual 

streamflow volume of ~14%–33%, and an increase in annual streamflow volume of up to 

25% was observed within a few years. Moreover, its implementation reduced sediment loss 

from the watershed.       



Water harvesting can play an important role in local to regional scale food security by 

increasing staple food production and the generation of extra income from the sale of cash 

crops. Water harvesting has a demonstrated potential to buffer climatic variability. In the 

watershed studied, water harvesting will not compromise water requirements for the 

environment. Instead, increased low flows, and reduced flooding and sediment loss may 

benefit the social-ecological systems. The adverse effects of disturbance of the natural flow 

variability and sediment influx to certain riverine ecosystems warrant detailed investigation. 

A framework for implementing a successful water harvesting scheme is provided in the 

thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SAMMANFATTNING PÅ SVENSKA   

Extrema väderhändelser är en utmaning för regnbevattnade jordbrukssystem i Afrika söder 

om Sahara. I kombination med markförstöring och låg tillförsel av näringsämnen, resulterar 

dessa händelser att jordbrukssystemen i stora delar av regionen är både ineffektiva och 

ohållbara. Förbättrad vattenförvaltning kan vara en av lösningarna för att hantera dessa 

utmaningar. I denna doktorsavhandling undersöktes vilken roll lokal uppsamling av 

avrinning spelar för att uppnå ett hållbart intensifierat jordbruk som också är resilient mot 

extrema klimatföreteelser. 

Initialt kartlades lämpliga områden för uppsamling av avrinning i den övre delen av Blå 

Nilens avrinningsområde i Etiopien med hjälp av multivariat analys i GIS (geografiska 

informationssystem). För att uppskatta avrinningen prövades en en väletablerad metod i 

vilken förhållandet mellan nederbörd och avrinning beskrivs av jordartsspecifika 

kurvdiagram. Beräknad avrinning jämfördes med insamlad data från tre mindre 

avrinningsområden och visade tillfredsställande resultat under de flesta förhållanden. För 

att kunna lokalisera och dimensionera dammar för uppsamling av avrinning, utvecklades ett 

beslutsstödsystem i ett hydrologiska analysverktyg, SWAT (Soil and Water Assessment 

Tool). Beslutsstödsystemet baseras på grödans vattenbehov och samt tillgången på 

ytavrinning. Den uppsamlade nederbörden användes sedan till bevattning för att överbrygga 

temporär torka under regnperioden, samt för att kunna odla avsalugrödor under den 

efterföljande torrperioden. Därtill utverderades även effekterna av klimatförändringarna på 

de biofysiska systemen i Lake Tanas avrinningsområde. Denna metodutveckling möjliggör 

en analys av konsekvenser av en intensifierad uppsamling av avrinning för 

bevattningsändamål i Lake Tanas avrinningsområde, framför allt med avseende på 

jordbrukssystemets avkastning, nedströms liggande ekosystems förmåga att möta sina 

flödesbehov, samt sedimentations-förluster uppströms, inom ramen för globala 

miljöförändringar. 

Resultaten ger vid handen att lokal uppsamling av avrinning kan öka produktiviteten inom 

jordbruket, upprätthålla ekosystemfunktioner och skapa social och ekologisk resiliens, och 

därmed bidra till en hållbar intensifiering av jordbruket. Det finns en stor potential i den 

övre delen av Blå Nilens avrinningsområde för att på ett förtjänstfullt sätt tillämpa lokal 

uppsamling av dagvatten. Mycket pekar på att nederbörden kan komma att öka i Lake 

Tanas avrinningsområde på grund av klimatförändringarna. Resultaten visar att 



stödbevattning från småskaliga dammar i kombination med bättre näringstillförsel 

potentiellet kan tredubbla produktionen av huvudgrödan (teff). Dessutom, med hjälp av den 

insamlade avrinningen kan en andra gröda, i detta fallet lök, odlas under torrsäsongen med 

en hypotetisk avkastning på ca 8 ton/ha. Lokal uppsamling av avrinning påverkade även 

vattenföringen i floden nedströms: under vissa år minskade flödet med ~ 14 % -33 %, 

medan under andra år ökade vattenföringen med upp till 25 %. Även en minskning av 

sedimentförlusterna från jordbruksmarken minskade när lokal uppsamling av avrinning 

tillämpades. 

Lokal uppsamling av avrinning kan spela en viktig roll för att säkra mattillgången på lokal 

och regional nivå genom att livsmedelsproduktionen stabiliseras och även indirekt via extra 

inkomster från nya grödor odlade under torrperioden. Vidare har lokal uppsamling av 

avrinning visat sig ha potential att buffra klimatvariationer. I det studerade 

avrinningsområdet kommer bevattning med lokalt uppsamlad avrinning sannolikt inte att 

äventyra de limniska ekosystemens vattenbehov. Snarare visar resultaten från studien på en 

ökning av vattenföringen i floderna under torrsäsongen, en minskad risk för 

översvämningar, samt mindre sedimentationsförluster, vilket kan ha gynnsamma 

samhälleliga samt ekologiska effekter. De negativa effekterna av störningar av naturliga 

flödesvariationer, och sedimenttillförsel i limniska ekosystem motiverar en mer ingående 

analys. Denna avhandling tillhandhåller dock ett ramverk för hur lokal uppsamling av 

avrinning kan implementeras. 

Nyckelord: Lokal uppsamling av avrinning, klimatförändringar, klimatvariationer, 

multivariat analys, SWAT, Curve Number, Afrika, Etiopien, Blå Nilen, Lake Tana.   

 

 

 

 

 

 

 



PREFACE 

This Ph.D. thesis represents five years of scientific work in six papers. The thesis tries to 

understand both conceptually and numerically the implications of the intensification of 

small-scale agricultural water management interventions for upstream-downstream social-

ecological systems in the context of sub-Saharan Africa. The case studies for the numerical 

work are taken from the Lake Tana sub-basin in the Upper Blue Nile basin, Ethiopia. 

I started on the journey to this Ph.D. study from a small town called Amanuel. Amanuel 

means “God is with us”. It sounds religious – and it is. Every person in the town at the time 

I left for college was a Coptic Orthodox Christian. It was a completely homogeneous 

society, all speaking the same language, Amharic, and more or less with the same outlook 

and basic core principles. I am always amazed when I compare the life in Amanuel with 

what I have experienced in the past few years. Time is flying fast; soon it will be 14 years 

since I left the town for Arba Minch University. Amanuel is a small town surrounded by an 

agrarian society, located in the Upper Blue Nile basin.  

To put agriculture in Ethiopia in perspective, it accounts for 47% of GDP, 90% of exports 

and 85% of employment. I had two ways of experiencing the life of farmers. My mother 

had a small business where she sold her products to farmers. She used to buy foodstuffs and 

items for her business from the market on Wednesdays and Saturdays. I helped her both in 

the business and to transport the stuff home. In these early roles, the farmers knew me as a 

good boy who was helping his parents. The other way I interacted with the farmers was 

through our cattle. After school, I kept our cattle in the field – most often close to the 

farmers’ crop field. The buffering area between the grazing and the farmers’ crop land often 

had good grass that I liked to feed my sheep and cows. The farmers who knew me in this 

role considered me a naughty boy. They often thought the ruin of their crops (for whatever 

reason) was down to me, because I was often the common denominator in feeding cattle in 

the buffer zones. This indicates how deeply I was connected to agriculture, the farmers, the 

agrarian economy and ecosystem services in Ethiopia.   

The other peculiar thing in Ethiopia is the connection with the Nile River. We call the Nile 

Abay (አባይ) in Amharic, which means mighty. Abay is often related to identity and 

sovereignty, but people are dissatisfied with the way Abay has been used in the country. 

People express these feelings in songs, poems and proverbs. Perhaps the biggest hit song in 



Ethiopia is related to Abay. I lived all my life hearing all these melodies and poems – and 

for sure this will continue for the rest of my life. 

To cut a long story short, it made a lot sense to me to write my Ph.D. on the two core values 

that matter most to the Ethiopian community. I hope you enjoy reading it.  
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1. INTRODUCTION 

 

1.1. Background  

The number and proportion of hungry people in the world is estimated to have declined 

(Chen and Ravallion, 2007), but there are still more than 1 billion undernourished people 

(FAO, 2010). The majority of these people live in developing countries (WorldBank, 2008; 

FAO, 2011). Sub-Saharan Africa takes the lion’s share, and is expected to host ~40% of the 

global poor by 2015 (Chen and Ravallion, 2007). The poor in sub-Saharan Africa live in 

rural areas (DFID, 2004; IFAD, 2011) and more than 90% of the rural population earns less 

than USD 2 per day (IFAD, 2011). 

Agriculture plays a key role in the economic portfolios of most developing countries 

(DFID, 2004; IFAD, 2011). In sub-Saharan Africa, 40–70% of rural households earn more 

than three-quarters of their income from on-farm sources (IFAD, 2011). This clearly 

indicates that investment in agriculture can contribute to food security and poverty 

reduction for the majority of the rural poor (DFID, 2004; WorldBank, 2008). Various 

research across the world (WorldBank, 2008; Thirtle et al., 2001; Gallup et al., 1998; Pretty 

et al., 2011) has shown that investment in agriculture can result in a sharp increase in 

economic development and poverty reduction. 

Agriculture in sub-Saharan Africa is largely rainfed. Rainfed agriculture is the dominant 

source of staple food production (Rosegrant et al., 2002; Cooper et al., 2008; FAO, 2011) 

and covers 93% of the region’s agricultural area (FAO, 2002; CA, 2007). There is a large 

yield gap – between what is actually harvested from farmers’ fields and what could 

potentially be achieved – in sub-Saharan agriculture (Singh et al., 2009). For example, in 

tropical regions with reliable rainfall and sufficient nutrient application, rainfed commercial 

agricultural yield exceeds 5–6 t/ha (Rockström and Falkenmark, 2000; CA, 2007) while the 

average rainfed yield in sub-Saharan Africa is less than 1.5 t/ha (Rosegrant et al., 2002b). 

The lower level of agricultural production in sub-Saharan Africa is linked to extreme 

rainfall variability and the high frequency of dry spells and droughts (Barron et al., 2003; 

Rockström et al., 2010) as well as low agricultural inputs such as fertilizer and pesticides 
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(Wichelns, 2003; IAASTD, 2008; Neumann et al., 2010; Rockström et al., 2010; FAO, 

2011).  

1.2. Rainfed agriculture filled with challenges: will the challenges keep 

farmers in the poverty trap or lead them into undesirable regimes? 

Current agricultural practices in sub-Saharan Africa are inefficient, vulnerable and 

unsustainable. Farms are often too small and fragmented, with low quality soils and high 

vulnerability to land degradation (FAO, 2011; IFAD, 2011). The farming systems and 

technologies within reach of the farmers generally exhibit low efficiency and dependence 

on inputs and techniques that aggravate land degradation and reduce the resilience to 

climate variability (FAO, 2011). These challenges lock farmers in a poverty trap (Enfors 

and Gordon, 2008) with little or no scope to improve their livelihoods.  

Droughts and dry spells are inherent features of the rainfed agriculture in sub-Saharan 

Africa (Barron et al., 2003; Fox and Rockstrom, 2003). Climate change is expected to 

increase the frequency and intensity of droughts, dry spells and flooding in subtropical 

areas (Christensen et al., 2007; IPCC, 2012). Climate change and population pressure will 

aggravate the current land degradation process. For example, Arnell (2009) estimates that 

with a 4oC average temperature increase in East and Southern Africa, about 35% of current 

cropland will become unsuitable for cultivation. This resource degradation will further 

exacerbate the vulnerability of social-ecological systems to environmental uncertainties. 

This could erode the resilience of the social-ecological system and turn it into an 

undesirable regime. The definition of resilience and its importance in the context of sub-

Saharan Africa are outlined in Box 1.  
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Box 1: Resilience 

Resilience is a relatively old concept that has evolved over time, and received increased 

attention over the past decade. The term was originally conceptualized in the fields of 

ecology and systems analysis by Buzz Holling (1973), who defined resilience as the 

“measure of the persistence of systems and of their ability to absorb change and 

disturbance and still maintain the same relationships between populations or state 

variables”. The most recent definition of resilience is defined by Folke et al. (2010) as 

the ability of a social-ecological system to deal with change while continuing to develop 

(cf Rockström et al., 2014). According to this definition, resilience has three basic 

components.   

(1) Persistence – the amount of disturbance a system can absorb and still remain 

within the same state or domain of attraction; 

(2) Adaptability – the degree to which a system is capable of self-organization and 

learning while remaining in the same state; and  

(3) Transformability – the ability of a system to transform into a new state after 

crises or shocks that push the system away from its original stable state.  

Thus a resilient social-ecological system has a greater capacity to deal with surprises in 

the face of external disturbances, and has a greater capacity to continue to provide goods 

and services (Walker and Salt, 2006). Moreover, a resilient social-ecological system has 

the potential to create opportunities for reorganization, development and innovation 

during disturbance events (Folke, 2003). Social-ecological systems with reduced 

resilience may still seem to be in good shape and maintain functions and generate 

services (Scheffer et al., 2001; Folke et al., 2004). However, such systems are vulnerable 

and when exposed to sudden shocks, a critical threshold may be reached and it may flip 

into an undesired state with a reduced capacity to support the functions for the social-

ecological system (Scheffer et al., 2001, 2009; Folke et al., 2004).  

For example, in some regions of sub-Saharan Africa, water scarce semi-arid and dry sub-

humid regions have gradually lost social-ecological resilience due to land and water 

degradation. … continued next page 
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……continued  

This loss of resilience is risky as these farming systems are located in regions susceptible 

to green water-related threats such as regional desertification – a plausible consequence 

of a decline in green water resource below a critical threshold due to changes in rainfall 

patterns and land degradation – and collapses in rainfed agricultural systems, which 

could happen due to reductions in overall green water availability (Rockström et al., 

2014). The risks of regime shift will be higher with the existence of climatic shocks such 

as droughts and dry spells. This suggests that building resilience in social-ecological 

systems in sub-Saharan Africa is essential in order to cope with the risks of climatic 

shocks and to continue to provide ecosystem goods and services.  

There are in fact two ways of managing a system’s resilience – specified resilience and 

general resilience. Specified resilience deals with resilience “of what, to what” (Walker 

and Salt, 2006). This type of resilience assessment helps to understand the key variables 

that are likely to have threshold effects from known threats and disturbances 

(ResilienceAlliance, 2010). General resilience enhances the whole capacities of a social-

ecological system to allow it to absorb unforeseen disturbances. The resilience referred 

to in this thesis is specified resilience, that is, the resilience of social-ecological systems 

in rainfed agriculture to climatic shocks such as droughts and dryspells. In fact we are 

somewhat general about the point of resilience “of what” (i.e. of social-ecological 

systems in rainfed agriculture), but we are specific when it comes to resilience “to what” 

– to climatic shocks. This type of assessment helps to identify points for intervention that 

can avoid undesirable alternate regimes (cf Walker and Salt, 2006), for example 

implementing appropriate water management systems that buffer climatic risks. The 

resilience community indicates that dealing with specific disturbances may not be 

enough to build a resilient social-ecological system as it may be vulnerable to 

unexpected or completely novel “surprises” (ResilienceAlliance, 2010). Instead, it 

recommends managing both specified and general resilience. However, quantifying 

general resilience is more complex, and it is often impossible to measure analytically 

(Rockström et al., 2014).   

We, however, did not claim that we performed a detailed specific resilience assessment 

on the social-ecological systems of the rainfed agriculture in sub-Saharan Africa. Rather 

we investigated the contribution of water harvesting systems to build specified resilience 

to climatic shocks based on biophysical analysis and synthesis of published literature.  
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1.3. Water harvesting: a lifeline for poverty reduction and a dilemma for 

downstream social-ecological systems  

Research has shown that there are no agro-hydrological limitations to double or triple on-

farm staple food yields in rainfed agriculture in drought prone environments (Rockström et 

al., 2002). Inter- and intra-annual rainfall variability are major factors behind low 

agricultural productivity. Integrated water management solutions in rainfed agriculture can 

therefore result in significant yield improvements (CA, 2007). Water harvesting is 

suggested as a key strategy to bridge climatic variability and to increase agricultural 

production while balancing the effects on the environment (Pandey, 2001; Rosegrant et al., 

2002a; IAASTD, 2009; Foley et al., 2011; Liniger et al., 2011). There are different types of 

water harvesting systems. Box 2 defines the different types, and an extensive list of water 

harvesting systems is provided in the literature (Ngigi et al., 2005; Vohland and Barry, 

2009; Biazin et al., 2012; Dile et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

Water harvesting systems affect green and blue water partitioning at the local scale. This 

suggests that intensification of water harvesting at a larger scale could affect overall 

Box 2: Types of Water harvesting  

Water harvesting systems are generally classified into the in-situ and the ex-situ (Dile et 

al., 2013b). Ex-situ water harvesting systems are also called macro-catchment or 

external water harvesting systems (Rosegrant et al., 2002a; SEI, 2009; Biazin et al., 

2011). These systems collect water from a large area (Rosegrant et al., 2002a; Oweis and 

Hachum, 2006) and have water collection catchment, conveyance and storage structures. 

Examples of ex-situ water harvesting systems are tanks, ponds and reservoirs. In-situ 

water harvesting systems are practices whereby rainfall is captured and stored where it 

falls. Micro-catchment water harvesting systems, which collect water from a relatively 

small catchment area (Biazin et al., 2011), are also categorized as in-situ water 

harvesting system (Hatibu et al., 2006; SEI, 2009; Vohland and Barry, 2009). In micro-

catchment water harvesting systems, the catchment and cropped area are distinct but 

adjacent to each other (Rosegrant et al., 2002a; Hatibu et al., 2006). In-situ water 

harvesting systems improve the soil moisture by enhancing infiltration, and reducing 

runoff and evaporation (Ngigi et al., 2005; SEI, 2009). Examples of in-situ water 

harvesting include pits, fanya juu and bunds. 
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hydrological dynamics. The definitions of the green water and blue water resources, and the 

effect of water harvesting in the interplay process are described in Box 3. A synthesis of the 

literature on the consequences of intensifying water harvesting at the watershed scale on the 

downstream social-ecological systems guides two schools of thought. A few studies have 

shown that upgrading rain-fed agriculture through investments in water harvesting systems 

may result in negative impacts on downstream social-ecological systems because of a 

decrease in runoff generation (e.g. Batchelor et al., 2003; Glendenning and Vervoort, 2011; 

Garg et al., 2012). This is described in the conceptual diagram in Figure 1 as an increase in 

crop yield in the upstream areas (line a) and a decrease in stream flow in the downstream 

areas (line a1). Other literature (e.g. Schreider et al., 2002; De Winnaar and Jewitt, 2010; 

Andersson et al., 2011), by contrast, indicate that wider implementation of water harvesting 

upstream has either limited or no downstream impacts on stream flows and aquatic 

ecosystems (Figure 1, line a2). This suggests that an increase in water use upstream may 

not automatically result in reduced water availability downstream. One possible 

explanation is that an increase in water productivity upstream may offset the extra water 

tapped upstream (Rockström et al., 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

Box 3: Green and blue water resources  

Green water resource is the naturally infiltrated rain attached to soil particles and 

accessible to roots. Blue water resource is the liquid water in rivers, lakes and aquifers 

(Rockström et al., 2009). The distinction between blue water and green water occurs at 

the soil surface where rain water is partitioned as surface runoff (blue water), and 

infiltrated water and evapotranspiration (green water). The infiltrated water is again 

partitioned in the root zone into soil water that will evapotranspire (green water), and 

that which percolates deep into the ground water aquifer (blue water). Ex-situ water 

harvesting systems store the blue water, which is later used for irrigation to supplement 

green water deficiency. This is where a blue-to-green redirection occurs. The vapour 

flow that occurs as a result of this process is defined as consumptive blue water use 

(Rockström et al., 2009). In-situ water harvesting systems enhance the soil moisture 

(green water) in the root zone. This is why in-situ water harvesting systems are often 

described as green water management tools. It is possible that the infiltrated soil 

moisture (green water) may in the long run percolate into the ground water aquifer or 

come out as spring water (blue water). This is the redirection of green-to-blue water. In 

this way, water management interventions affect the green-blue interplay.    
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Figure 1. Schematic description of the different implications of intensifying water 

harvesting systems at the catchment scale. Note: Adopting water harvesting can provide 

biophysical improvements in upstream catchments (line a), while generating stream flow 

implications downstream that are either a decrease (line a1) or a relatively insignificant 

change (line a2). The combination a/a2 depicts a situation with no trade-offs between 

upstream and downstream with wide adoption of water harvesting systems. The 

combination a/a1 depict situations with trade-offs that need to be understood and addressed.  

1.4. Objectives 

Rainfall variability is a major factor behind low levels of crop productivity in sub-Saharan 

Africa. Climate change is expected to exacerbate this variability (IPCC, 2012). This calls 

for better agricultural water management. Research has shown that water harvesting 

systems at the field scale can help to bridge rainfall variability and thereby increase 

agricultural production (e.g. Barron and Okwach, 2005; Oweis and Hachum, 2006). It has 

been hypothesized that large-scale implementation of water harvesting systems could result 

in so-called sustainable agricultural intensification – a desirable development in large parts 

of the tropics. One concern, however, is the potential for negative impacts on the whole 

upstream-downstream social-ecological system, including for instance reductions in runoff 
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downstream. Lack of well established methods has been one of the challenges to adequately 

understanding the upstream-downstream implications of an intensification of water 

harvesting. Therefore, this thesis: 

1) Explores the capacity of water harvesting systems to contribute to sustainable 

agricultural intensification; 

2) Develops methods to estimate the hydrological processes in a tropical landscape 

in the light of future climates, identify suitable areas for water harvesting, and 

integrate water harvesting systems into the hydrological models and 

subsequently capture their impacts  

3) Assesses the impacts of global environmental change on hydrological processes 

in the case study area, and of the implementation of large-scale water harvesting 

on upstream-downstream opportunities and trade-offs  

1.5. Organization of the thesis 

The thesis tries to understand the implications of environmental changes, and integrated 

watershed development and management decisions on social-ecological systems -- with 

emphasis on biophysical assessments -- in the rainfed agriculture of sub-Saharan Africa. 

The thesis consists of six papers. Figure 2 shows the linkages among the papers and how 

they address the overarching objectives. Paper I investigates both endogenous and 

exogenous drivers that call for changes to the rainfed agriculture in sub-Saharan Africa. It 

explores the role of water harvesting in achieving sustainable agricultural intensification 

and building specified resilience against water-related shocks. Biophysical analysis using 

hydrological models can provide insight into how intensification of water harvesting 

systems might unfold on the upstream-downstream social-ecological systems. However, 

this entails identifying suitable areas where water harvesting systems should be 

implemented. Paper II assesses suitable areas for water harvesting implementation in a 

basin in sub-Saharan Africa. There is growing concern that since surface runoff estimation 

methods in most hydrological models originate from temperate regions, they may not 

accurately estimate surface runoff in sub-Saharan Africa. For example, the Curve Number 

method, which is widely used in most hydrological models, is often criticized for not 

appropriately estimating surface runoff in tropical climates. Paper III, therefore, 

investigates the applicability of the Curve Number method to surface runoff estimation in 

tropical climatic regions. Paper IV covers model set-up, calibration and validation when 



 

assessing the impact of climate change on a sub

when assessing the implications of water harvesting intensifications and data acquisition 

covered in Paper V. Finally, 

systems into hydrological models and assesses the implications of intensifying water 

harvesting for upstream

Africa. Paper VI also includes model calibration and validation. 
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1.6. Description of the study area  

This Ph.D. research bridges scales from sub-Saharan Africa to a field study in Ethiopia. 

The research started by exploring the various roles of water harvesting in poverty reduction 

and sustainable development by drawing case examples from sub-Saharan Africa (Figure 

3a) and similar agro-climatic regions in different parts of the world (Paper I). Thereafter, 

suitable areas and potentials were assessed for water harvesting implementation in a typical 

sub-Saharan basin – the Upper Blue Nile basin, Ethiopia (Paper II).  

Rainfed agriculture is the dominant source of food production and the basis of the 

livelihoods of the majority of the rural poor in Ethiopia. Agriculture accounts for 47% of 

GDP, 90% of exports and 85% of employment (IFAD, 2009). The climate in Ethiopia is 

influenced by altitude and proximity to the equatorial monsoonal systems (MoWR, 1998). 

These factors produce a wide variety of local climates, ranging from semi-arid to humid. 

Ethiopia has 12 river basins (Figure 3b). The Upper Blue Nile basin occupies an area of 

~200,000 km2 and is located in eastern and Central Ethiopia (MoWR, 1998) (Figure 3c). 

The Upper Blue Nile basin is the largest flow contributor to the Nile River. Any water 

resources management intervention in the Upper Blue Nile basin would have regional 

implications in particular for Sudan and Egypt. As such, the findings of this research will 

be of vital regional importance.  

The assessment of the implications of water harvesting intensification was performed on a 

suitable sub-basin in the Upper Blue Nile basin. The Lake Tana sub-basin was identified as 

suitable for water harvesting (Paper II). In addition to its suitability for the implementation 

of water harvesting, the availability of data, the high degree of planned development 

projects and the richness of the ecosystem functions and services provided by the Lake 

Tana system, as well as the risks facing the lake from global environmental change, made 

the Lake Tana basin an excellent choice for further research.  
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Figure 3. The research areas which the thesis encompasses. (a) sub-Saharan Africa; (b) 

Ethiopian river basin system showing the location of the Upper Blue Nile basin, locally 

known as Abay; (c) Upper Blue Nile river basin system, showing the location of the Lake 

Tana basin (Dark gray); and (d) the Lake Tana basin showing the location of the meso-scale 

watershed (red box) and micro-watersheds (blue box).  

The Lake Tana sub-basin is located in the upper reaches of the Upper Blue Nile basin 

(Figure 3c). It has a drainage area of approximately 15,000 km2 (MoWR, 1998). The major 

rivers draining into Lake Tana are the Gilgel Abay, Rib, Gumara and Megech. The impact 

of climate change on the Gilgel Abay River was also studied (Paper IV). The implications 

of intensifying water harvesting interventions on upstream-downstream systems were 

examined in a meso-scale watershed in the Lake Tana sub-basin, Megech watershed (Paper 

VI) (Figure 3d, red box). Field research was conducted in the south-eastern part of the Lake 

Tana sub-basin, the Rib watershed (Paper III) (Figure 3d, blue box).  
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2. MATERIALS and METHODS  

 

2.1. Data 

This Ph.D. thesis began with conceptual framework development on the role of water 

harvesting in the implementation of sustainable agricultural intensification and building 

resilience against risks of climatic shocks. Systematically collected evidence from the 

existing literature was used to draw lessons and conclusions (Paper I). The thesis, 

thereafter, implemented spatial analysis and hydrological modelling to understand the 

effects of the intensification of water harvesting on upstream-downstream social-ecological 

systems.  

The spatial analysis and hydrological modelling were based on primary and secondary data 

sources. The datasets used for each of the six papers are presented in Table 1. The Shuttle 

Radar Topographic Mission (SRTM) DEM data have a resolution of 90 m by 90 m, and 

were obtained from the CGIAR Consortium for Spatial Information website (CGIAR-CSI, 

2009). The stream network, land use and soil data have a scale of 1:250,000 (BCEOM, 

1998) and were obtained from the Ethiopian Ministry of Water Resources (MoWR, 2009). 

The physical and chemical property parameters of the soil, which were required by SWAT, 

were derived from the Africa map sheet of the 1995 CD-ROM edition of the Soil Map of 

the World (FAO, 1995).  

The rainfall data for Paper II were obtained from WorldClim-Global Climate Data 

(WorldClim, 2009). Three weather data sources were used in this study: primary weather 

(Paper III); observed weather from climatic stations in and around the Lake Tana basin, 

hereafter called “conventional weather data” (Paper III–VI); and weather data from the 

National Center for Environmental Prediction’s Climate Forecast System Reanalysis (Saha 

et al., 2010), hereafter called “CFSR weather data” (Paper V). The conventional weather 

data were obtained from the Ethiopian National Meteorological Services Agency (ENMSA, 

2012), and the CFSR weather data were obtained from the Texas A&M University Spatial 

Sciences Laboratory website, globalweather.tamu.edu (Globalweather, 2012).  
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Table 1. Summary of the data used, models applied and geographical coverage of the six 

papers 
Paper Data Model Study area  
I Literature NA sub-Saharan 

Africa 
II DEM 

Land use 
Soil 
Rainfall 

GIS Upper Blue 
Nile basin 

III DEM 
Land use 
Soil  
Conventional weather data 

Rainfall 
Temperature 
Solar radiation 
Humidity 
Wind speed 

Surface runoff 
Management data 

ArcSWAT micro-
watershed in 
the Lake Tana 
basin 

IV DEM 
Land use 
Soil  
Conventional weather data 

Rainfall 
Temperature 
Solar radiation 
Humidity 
Wind speed 

GCM climate scenario data 
Stream flow 

ArcSWAT, 
SDSM 

Lake Tana, 
Gilgel Abay 

V DEM 
Land use 
Soil  
Conventional weather data 

Rainfall 
Temperature 
Solar 
radiation 
Humidity 
Wind speed 

Stream flow 
Management  

DEM 
Land use 
Soil  
CFSR weather 

Rainfall 
Temperature 
Solar 
radiation 
Humidity 
Wind speed 

Stream flow 
Management  

ArcSWAT Lake Tana 
basin 

VI DEM 
Land use 
Soil  
Conventional weather data 

Rainfall 
Temperature 
Solar radiation 
Humidity 
Wind speed 

Stream flow 
Management 

ArcSWAT meso-scale 
watershed in 
the Lake basin 
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Large scale (predictor) and local (predictand) climate variables were important in the 

climate change studies (Paper IV). The predictor variables were obtained from the National 

Center for Environmental Prediction (NCEP_1961-2001) reanalysis data set for the 

calibration and validation, and the Hadley Centre Climate Model 3 (HadCM3) GCM 

(H3A2a_1961–2099 and H3B2a_1961–2099) data for the baseline and climate scenario 

periods 1961–2099 (Canada, 2009). The predictand variables used were precipitation and 

maximum and minimum temperature at Dangila station (Figure 3), and the data were 

obtained from the Ethiopian National Meteorological Services Agency (ENMSA, 2012). 

The A2 (medium-high) and B2 (medium-low) emission scenarios of the IPCC Special 

Report on Emission Scenarios for the period 1961–2100 (Wilby and Harris, 2006; Kim and 

Kaluarachchi, 2009) were used to generate the future precipitation and temperature 

scenarios. 

The stream flow data were obtained from the Ethiopian Ministry of Water and Energy 

(MoWE, 2012). Surface runoff was observed at three micro-watersheds in the Lake Tana 

basin using 2.5 H-flumes. A combination of manual and automatic stage recorders was 

used (the Stage Discharge Recorder, SDR-0001-1, from the Sutron Corporation and the 

Schlumberger Micro-diver). The Lake Tana elevation-area-volume curve from Wale et al. 

(2009) and Angereb reservoir data from the municipal water supply authority for Gondor 

town (GWSA, 2012) were used as input for the reservoirs in SWAT. Data on agricultural 

management practices were obtained from the Ethiopian Institute of Agricultural Research 

(EIAR, 2007), the Ethiopian Central Statistical Agency (CSA, 2012) and from field 

observations. 

2.2. Modelling approach  

2.2.1. Multi-criteria evaluation for water harvesting suitability  

The adoption of water harvesting systems to build resilience in farming systems requires 

detailed assessment and analysis of suitability for water harvesting. Water harvesting 

suitability assessments enable estimation of the potential of a region to benefit from water 

harvesting implementation, and can identify priority areas for water harvesting 

implementation. The suitability for water harvesting of the Upper Blue Nile Basin in 

Ethiopia was determined using two GIS-based Multi-Criteria Evaluation (MCE) methods. 

The Boolean approach was applied to locate suitable areas for in-situ and ex-situ water 
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harvesting systems, while weighted overlay analysis was used to classify the suitable areas 

into different water harvesting suitability levels. The criteria for identifying the suitable 

areas for water harvesting were based on recommendations in the literature (e.g. Critchley 

and Siegert, 1991; FAO, 1995, 2006; Mati et al., 2006; Mbilinyi et al., 2007; Kahinda et al., 

2008).  

2.2.2. Hydrological modelling  

The hydrological modelling for studying the implications of climate change and agriculture 

water management interventions was performed using the SWAT model. SWAT is a 

physically based model that can simulate hydrological cycles, vegetation growth and 

nutrient cycling using a daily time-step by disaggregating a river basin into sub-basins and 

hydrological response units (HRUs). HRUs are lumped land areas within the sub-basin that 

represent unique land cover, soil and management combinations. The model can predict the 

impact of land management practices such as fertilizer application and irrigation on water, 

sediment, agricultural chemical yields and crop production (Neitsch et al., 2012). The 

outputs from SWAT can be post-processed and used to determine the impacts of various 

management decisions on upstream-downstream social-ecological systems.  

Various studies comparing SWAT with other biophysical models indicate that SWAT has 

better capabilities for hydrological applications. Borah and Bera (2003) compared SWAT 

with the Dynamic Watershed Simulation Model (DWSM), Hydrologic Simulation 

Program-Fortran (HSPF), Système Hydrologique Européen (MIKE SHE), Annualized 

AGricultural Non-Point Source (AnnAGNPS), and six other models that simulate 

hydrology, sediment and chemical inputs. The study concludes that SWAT is a promising 

model for continuous simulations in predominantly agricultural watersheds. Other studies 

have shown that SWAT simulations are better than HSPF simulations in different 

watersheds in the United States (Van et al., 2003; Saleh and Du, 2004; Singh et al., 2005). 

SWAT estimates flow more accurately than the Soil Moisture Distribution and Routing 

(SMDR) model in an experimental watershed in east-central Pennsylvania (Srinivasan et 

al., 2005). Parajuli et al. (2009) applied AnnAGNPS and SWAT to evaluate flow and water 

quality in the Cheney Lake watershed in south-central Kansas. They concluded that SWAT 

was the most appropriate model for this watershed. SWAT and MIKE-SHE simulated the 

hydrology of Belgium’s Jeker River basin in an acceptable way (El-Nasr et al., 2005). 

Vigerstol and Aukema (2011) found SWAT and variable infiltration capacity (VIC) two of 
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the most useful tools for modelling freshwater ecosystem services. VIC is a macro scale 

hydrological model that is most appropriate for large river basins where stream flow is the 

main variable of interest (Vigerstol and Aukema, 2011). Trambauer et al. (2013) reviewed 

16 well-known hydrological and land surface models for hydrological drought forecasting 

in Africa. They chose SWAT from among the five models that show the biggest potential 

and most suitability for that purpose. The other four models have more global scale 

applications. SWAT has been applied in the highlands of Ethiopia and demonstrated 

satisfactory performance (Easton et al., 2010; Setegn et al., 2010; Betrie et al., 2011; Dile et 

al., 2013a). SWAT is freely available, has a user friendly interface and active support, and 

can be easily linked to sensitivity, calibration and uncertainty analysis tools (cf. van 

Griensven et al., 2012). These capabilities therefore made SWAT an appealing choice for 

this research.  

 

The SWAT model was set up in the mico-watershed (Paper III), the meso-scale watershed 

(Paper VI) and the entire Lake Tana basin (Paper IV and Paper V). SWAT model 

calibration and validation were performed for Paper IV and Paper VI. Paper IV and Paper 

VI studied the impact on biophysical systems of climate change and management 

interventions, respectively. Before any model is used for such purposes its applicability 

should be verified using calibration and validation processes. Thus, model calibration of the 

hydrological parameters for Paper IV and Paper VI was based on the Parasol (van 

Griensven and Bauwens, 2003) and Sequential Uncertainty Fitting version 2 (SUFI-2) 

(Abbaspour et al., 2004, 2007) algorithms, respectively. Model calibration was not 

performed for Paper III and Paper V. Paper III aimed to study the usefulness of the CN 

method for estimating surface runoff in given soil, land use and management conditions, 

and therefore parameter manipulation, such as CN adjustment, was not necessary. Paper V 

tested the applicability of the CFSR climate data for hydrological predictions by comparing 

the streamflow simulations in the CFSR climate data and the conventional climate data 

with the observed streamflow. Calibration is not important for this type of study as the 

purpose of calibration is to improve the performance of the model for a given climatic 

input.  

Paper VI developed a decision support system that identifies suitable areas for water 

harvesting, and determines the corresponding size of the water harvesting ponds for each 

suitable field. The decision support system calculates the amount of water required to 
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irrigate each suitable field for double cropping (teff during rainy periods and onion during 

dry periods), as well as the amount of evaporation from the “preliminary” water harvesting 

pond. It also calculates the amount of flow into each of the water harvesting ponds and 

checks whether there is sufficient flow to meet these water requirements (i.e. irrigation 

water requirements and evaporation from the ponds). If the amount of flow into each of the 

water harvesting ponds is sufficient for these water requirements, it adopts the 

“preliminary” pond dimensions. If not, it updates the area to be irrigated so that it can be 

covered by the available water flow, and redesigns the dimensions of the water harvesting 

pond accordingly. The decision support system considers the maximum pond dimension 

that meets water requirement for the extreme climatic and management conditions. 

Thereafter, the water harvesting systems are integrated into the SWAT model, and nutrient 

application scenarios based on existing farming practice and government recommendations 

implemented (see Box 4). The biophysical systems of a meso-scale watershed in the Lake 

Tana basin were analysed before and after water harvesting and various nutrient scenario 

implementations in order to understand their effects on upstream-downstream social-

ecological systems. 

 

 

 

 

 

 

 

 

 

 

Box 4: Nutrient scenarios 

 

Baseline nutrient application 

� Teff: Planting: 15 kg/ha urea, 30 kg/ha DAP; side dress: 15 kg/ha urea 

� Onion: 85 kg/ha urea, 30 kg/ha DAP; side dress: 85 kg/ha Urea 

 

Blanket Nutrient Recommendation (BNR1) 

� Teff: Planting: 50 kg/ha urea, 30 kg/ha DAP; side dress: 50 kg/ha urea 

� Onion: 85 kg/ha urea, 30 kg/ha DAP; side dress: 85 kg/ha urea 

 

Blanket Nutrient Recommendation (BNR2) 

� Teff: Planting: 85 kg/ha urea, 30 kg/ha DAP; side dress: 85 kg/ha urea 

� Onion: 85 kg/ha urea, 30 kg/ha DAP; side dress: 85 kg/ha urea 
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2.2.3. Curve Number Method investigated for estimating surface runoff in 

tropical watersheds  

The surface runoff estimation in SWAT can be performed based on either the Curve 

Number (CN) or the Green and Ampt method. Since the Green and Ampt method requires 

intensive data, the CN method is often preferred. The CN method is simple, relies on a 

single parameter and is responsive to watershed properties (Ponce and Hawkins, 1996; Yu, 

2012). On the other hand, the CN method has been criticized for its empirical approach 

(Paper III). In addition, since the method was developed for application in United States, 

concerns have been raised about whether it is applicable to tropical climates (e.g. Collick et 

al., 2009; Liu et al., 2008; Steenhuis et al., 2009; White et al., 2011). Therefore, Paper III 

used field data collected in three tropical micro-watersheds to investigate the usefulness of 

the CN method for surface runoff estimation.  

The CN method for estimating surface runoff is defined by the equation: 

� = �� − 0.2	
�
� + 0.8	 	 

Where Q is actual runoff (in unit length); P is actual rainfall (P > Q) (in unit length); and S 

is potential maximum retention after runoff begins (in unit length). 

S is determined based on hydrologic soil group, land cover and surface treatment, and 

antecedent wetness condition. S varies in the range 0 < S < ∞. S is transformed into a 

dimensionless parameter, CN, which varies in the range 100 > CN > 0. If S is expressed in 

millimetres, the relationship between S and CN is described as follows: 

	 = 25.4 �1000�� − 10� 

In SWAT and most other continuous simulation models, the retention parameter S is linked 

to the soil water content or plant evapotranspiration, depending on the characteristics of the 

watershed (Williams et al., 2012). In this research, the retention parameter was updated 

daily based on soil moisture content.  
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2.2.4. Statistical Downscaling Approach 

Global Circulation Model (GCM) derived scenarios of climate change were used to predict 

the future climates of the study area as they conform to the criteria proposed by the 

Intergovernmental Panel on Climate Change (IPCC). The GCM data, however, are too 

coarse in resolution to apply directly to impact assessment (Mearns et al., 2003). The 

Statistical Downscaling Tool (SDSM) was used to downscale the HadCM3 GCM scenario 

data into finer scale resolution. The SDSM develops statistical relationships, based on 

multiple linear regression techniques, between large-scale (predictors) and local 

(predictand) climate. The downscaling of GCM data using SDSM was carried out 

following the procedures suggested by Wilby and Dawson (2007). The climate projection 

analysis was carried out by dividing the period 2010–2100 into three time windows, each 

with 30 years of data centred at 2025 (2010–2039), 2055 (2040–2069) and 2085 (2070–

2100). The period 1990–2001 was taken as the baseline period against which comparison 

was made. SDSM downscaled climate outputs were used as an input to the SWAT model to 

assess the impact of climate change.  
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3. RESULTS  

 

3.1. Water harvesting can help to achieve sustainable agricultural 

intensification and specified resilience against climatic shocks 

We studied the state of agriculture in sub-Saharan Africa and its link to poverty. The 

drivers for change that aggravate the current challenges facing agriculture in the region 

were explored, and potential solutions were proposed from a water management 

perspective. We demonstrated conceptually that agricultural intensification with water 

harvesting systems can contribute to sustainable agricultural systems through productivity 

improvements, sustaining ecosystem functions in agricultural landscapes and building 

higher resilience by keeping the agroecosystems in a productive state with increased ability 

to withstand shocks (Figure 4).  

A large part of the rainfall (~70–85% of the rainfall depending on the land management 

conditions) in arid and semi-arid regions in much of sub-Saharan Africa is lost as 

unproductive evaporation, percolation and runoff from the farmer’s field (Rockstrom et al., 

2002). Various research (e.g. Oweis and Hachum, 2006; Pretty et al., 2006; Molden et al., 

2010) has shown that water harvesting (both ex-situ and in-situ) systems can increase 

agricultural productivity in rainfed agriculture by producing “more crops per drop” of rain. 

Water harvesting with better nutrient application can further improve productivity (Jensen 

et al., 2003; Zougmoré et al., 2003; Barron and Okwach, 2005; Fatondji et al., 2006).  

Water harvesting systems can sustain ecosystems in agricultural landscapes by limiting 

agricultural expansion (Lal, 2001; Reij et al., 2009; Vohland and Barry, 2009), restoring 

degraded landscapes (Lal, 2001; Reij et al., 2009; Vohland and Barry, 2009), improving 

biodiversity (Pandey, 2001; Reij et al., 2009; Vohland and Barry, 2009; Norfolk et al., 

2012) and limiting soil erosion and nutrient leakage from fields (Herweg and Ludi, 1999; 

Braskerud, 2002; Gebremichael et al., 2005; McHugh et al., 2007; Gebreegziabher et al., 

2009). By limiting soil erosion and nutrient leakage, water harvesting systems can improve 

water quality, thereby enhancing the health of the aquatic environment.  

Water harvesting systems can build resilience in dry-land agricultural systems by securing 

adequate water availability, enhancing plant water uptake capacity, improving soil nutrient 

availability and building natural capital in agroecosystems (Falkenmark and Rockström, 
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2008). Implementing water harvesting systems reduces the risks of production failure, and 

gives farmers the confidence to invest in fertilizers and other agricultural inputs and thus 

increase agricultural production. Water harvesting systems can operate as disaster 

management and adaptation tools to climate change by reducing exposure and vulnerability 

and thus increasing resilience to potential adverse impacts of climate extremes (Lal, 2001; 

IPCC, 2012). Water from ex-situ water harvesting systems can also be used to diversify 

income sources (e.g. livestock keeping and aquaculture production), which is vital for 

building resilience.  

 

 

Figure 4. Conceptual framework showing the relation between water harvesting 

systems and sustainable agricultural intensification. Different drivers affect current 

agroecosystems, which are commonly degraded. Depending on the farmer’s response 

(business as usual or in this case water harvesting) different impacts on productivity, 

sustainability and resilience can be anticipated.  
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3.2. Advances in the methodological approaches to assessing the impacts 

of water harvesting under future climates 

The methodology developed in this thesis to assess the impacts of water harvesting under 

future climates is based on a step-wise approach (Figure 5). A GIS-based suitability study 

was conducted to locate water harvesting ponds in the landscape. Thereafter, a method was 

tested for estimating surface runoff from the rainfall that would be used to fill the ponds 

(the so-called CN-method). To generate climatic data to conduct the hydrological 

modelling, conventional weather data from on-the-ground weather stations were compared 

with the data from the CFSR weather data. Future climatic scenarios were also constructed. 

Finally, the localization study, the rainfall runoff method and the climatic data and 

scenarios were used in the SWAT hydrological model. Based on these inputs, a decision 

support tool for the intensification of water harvesting systems was developed within 

SWAT, which enables an assessment of the impacts of water harvesting schemes on water 

flows, crop production and sediment loss. The results from these methodological 

approaches are presented in detail below.  

 



 

 

Figure 5: Methodological approaches to assess

water harvesting interventions

implementation were identified (

agricultural land use types 

However, the amount of runoff generation is the other key factor that determines water 

harvesting implementation. Therefore, the appropriateness of the Curve Number method for 

surface runoff estimation was 

for the hydrological model

developed that designs 

crop water requirements
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Methodological approaches to assessing the implications of intensification

water harvesting interventions. First, suitable catchments for water harvesting 

implementation were identified (Paper II). Water harvesting was implemented on 

agricultural land use types taking account of the suitability of the soil and its topography. 

However, the amount of runoff generation is the other key factor that determines water 

harvesting implementation. Therefore, the appropriateness of the Curve Number method for 

surface runoff estimation was also evaluated (Paper III). Climate data 

for the hydrological modelling exercise (Paper V). Finally, a decision support system 

that designs a water harvesting intensification system which 

s and available streamflow (Paper VI).  

 

implications of intensification of 

, suitable catchments for water harvesting 

). Water harvesting was implemented on 

the suitability of the soil and its topography. 

However, the amount of runoff generation is the other key factor that determines water 

harvesting implementation. Therefore, the appropriateness of the Curve Number method for 

data source was explored 

). Finally, a decision support system was 

which takes account of 
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3.2.1. Large potential for water harvesting implementation in the Upper Blue Nile 

Basin 

We showed that a large part of the Upper Blue Nile basin was suitable for the 

implementation of water harvesting. The Boolean analysis showed that in-situ water 

harvesting systems could be successfully implemented in the eastern and the northern part 

of the basin, while the ex-situ systems could be applicable in most areas in the basin, in 

particular in the central and eastern parts. According to the Boolean analysis, 36% of the 

basin is suitable for in-situ and ex-situ systems. The results of the weighted overlay analysis 

indicate that the spatial distribution of the suitable areas for water harvesting varies based 

on the percentage value of influence assigned to the constraining factors. For example, for 

an equal percentage influence of all the determining factors (i.e. rainfall, slope, soil and 

land use each have 25% influence), the areas around the Lake Tana region and the south-

eastern part of the basin were classified as highly suitable for water harvesting. The north-

eastern and western parts of the basin were found to be moderately suitable for water 

harvesting. We found that 24% of the basin was classified as highly suitable, 58% 

moderately suitable and 17% less suitable for water harvesting implementation with an 

equal percentage influence for all the determining factors. Around 1% of the area was 

excluded from the analysis as it was covered by water bodies, marshland or urban areas, 

which were not conducive to water harvesting implementation.  

Suitability for water harvesting was highly sensitive to rainfall amount, which suggests that 

changes in rainfall (e.g. due to climate change) will alter the results of this study. We 

studied water harvesting for crop production. Grazing lands and other land use types were 

excluded in the case of the Boolean analysis, and given less priority in the case of weighted 

overlay analysis. This could have increased the area suitable areas for water harvesting in 

the studied basin but, given the other ecosystem services these land use types provide, we 

put a higher priority on the agricultural land use type.  

3.2.2. Model performance evaluation  

The applicability of the CN method to estimating surface runoff in tropical regions was 

investigated by comparing observed surface runoff in three micro-watersheds in the Lake 

Tana basin with that of the simulated surface runoff (Paper III). Moreover, the strengths 

and weaknesses of the method for estimating surface runoff in tropical regions were 
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evaluated using rainfall intensity and average five-day antecedent rainfall as proxies for 

characterizing climatic conditions. The results suggest that the CN method performed 

reasonably well overall in estimating observed surface runoff – Nash-Sutcliffe Efficiency 

(NSE) of more than 0.7 (Table 2). Studying the performance of the CN method in different 

climatic conditions showed that it performed well in conditions of high rainfall-intensity. 

However, during low rainfall-intensity events it performed poorly, underestimating surface 

runoff. The CN method performed equally well under both low and high antecedent rainfall 

conditions. The relatively higher observed surface runoff in the micro-watersheds may be 

related to the presence of surface crusted soils that could generate high surface runoff in 

conditions of low rainfall intensity (cf. Steenhuis et al., 2009). This, however, is not 

captured by the current CN approach in SWAT.  

Table 2. Summary of model evaluation statistics for the four papers. The evaluations in 

Paper III and Paper IV were event basis runoff depth and daily streamflow simulations, 

respectively. The evaluations in Paper V and Paper VI were based on monthly streamflow 

simulations. 

Paper Watershed/ 
Micro-
watershed 

Model setup Calibration Validation 

  NSE PBIAS NSE PBIAS NSE PBIAS 
III Gegudeguade 0.72 21     
 Aletu 0.85 32     
 Shimbraye 0.87 28     
IV Gilgel Abay   0.74  0.78  
V* Gilgel Abay 0.87 

(0.79) 
11.05 
(– 3.83) 

    

 Gumera 0.84 
(0.75) 

9.99 
(15.09) 

    

 Rib – 0.58 
(– 0.9) 

– 115.69 
(110.67) 

    

 Megech 0.49 
(–1.91) 

– 29.08  
(131.88) 

    

VI Megech 0.49 – 29.08 0.76 4.0 0.74 40.0 
*The values for Paper IV not in parentheses refer for simulations with conventional weather 

data, while the values in parentheses refer to CFSR weather data.  

 

The evaluation of SWAT streamflow simulations using the NSE and Percent Bias (PBIAS) 

criteria in the four papers are summarized in Table 2. The calibration and validation results 
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suggest that the SWAT model setup was satisfactory for studying the implications of 

climate change and agricultural water management interventions. Moriasi et al. (2007) 

suggest that for monthly simulations, an NSE value of more than 0.5 and a PBIAS value of 

more than ±25% indicate satisfactory model performance. 

Teff and corn are the widely grown crops in the studied watershed. Simulations of the crop 

yield for both crops were compared with census data (Paper V). We found reasonable 

estimates for teff but overestimates for corn (Figure 6). We indicated that the higher corn 

yield simulation may be related to higher fertilizer application. After implementing the best 

case fertilizer application and adopting lower fertilizer application practices for corn, we 

arrived at a substantially lower yield.  

 

 

 

Figure 6. Average annual crop yield: Observed (census), simulated with conventional 

weather data and simulated with CFSR weather data. (a) Agew Awi; (b) West Gojjam; 

(c) South Gondor; and (d) North Gondor administrative zones in the Lake Tana Basin. 

Observed data were not available for some years. 

3.2.3. Emergence of new data can enhance the robustness of hydrological 

modelling in data-scarce regions 

Good quality climate data form the basis of a robust hydrological and spatial modelling 

exercise, but data availability and access can be difficult in developing countries. We 

evaluated the applicability of the CFSR climate data for hydrological predictions in data 
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scarce regions in a case study in the Lake Tana basin. Comparisons between the stream 

flow simulations using the conventional weather data and the CFSR weather data showed 

that the conventional weather data performed better. However, water balance components 

between the conventional weather data and the CFSR weather data were not substantially 

different, except at one watershed. Both weather data provided similar annual crop yield 

results. 

Since the Lake Tana basin is located in a relatively data-rich region in the Upper Blue Nile 

basin, it was not surprising that the simulations using the conventional weather data 

performed better than the CFSR weather data. The results, however, suggest that in data-

scarce regions such as remote parts of the Upper Blue Nile basin, where conventional 

gauges are not available, CFSR weather data could be a valuable option for hydrological 

predictions. Moreover, CFSR weather data has an advantage over conventional weather 

data in that it provides complete sets of climatic data (i.e. including wind speed, relative 

humidity and solar radiation in addition to rainfall and temperature). This provides the 

flexibility to use different functions pertaining to hydrological models, which suggests that 

the emergence of new data can make hydrological modelling and water resources 

management more convenient.  

3.2.4. A decision support system for the location of water harvesting ponds 

Identifying suitable meso-scale watersheds for water harvesting in the Upper Blue Nile 

basin, making sure that the CN method works well for surface runoff estimation in the 

tropics and identifying the best data for hydrological modelling in the selected meso-scale 

watershed enabled a good assessment of the implications of water harvesting interventions 

on upstream-downstream social-ecological systems (Figure 5). SWAT was subsequently 

applied to locate appropriate water harvesting ponds in the agrarian landscape, in terms of 

both land-use suitability characteristics and runoff availability, as determined by a water 

harvesting decision support system. Irrigation scheduling for both wet and dry season crops 

was carried out based on crop water needs and water availability in the dams. This new 

decision support system therefore enables a quantitative analysis of hydrological processes 

at the field scale and downstream of the field, as well as of yield estimates and the 

implications of sediment loss from the fields. 
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3.3. Implications of climate change and water management interventions 

The hydrological model and the decision support system enabled an assessment of the 

impacts of global environmental change and local management interventions on social-

ecological systems. The combined effect of climate change and water management 

interventions was not studied in this thesis.  

3.3.1. Hydrological response to climate change for Gilgel Abay River  

We assessed the impact of climate change on the Gilgel Abay River. Results showed that in 

the period 2010–2100, annual mean rainfall may decrease in the first 30-year period but 

increase in the following two 30-year periods (Figure 7a). The decrease in mean monthly 

rainfall could be as much as –30% in 2010–2040 but the increase might be more than +30% 

in 2070–2100. Results indicate that there may be a general increase in rainfall during the 

Kiremit (main rainy season) in the long-term, and in 2050–2100 for the Belg (small rainy 

season). There may be a general increase in the annual mean monthly maximum and 

minimum temperatures. The change in mean monthly maximum temperature ranged from  

–2.5 oC in the period 2010–2039 to +5 oC in the period 2070–2100. The change in mean 

monthly minimum temperature ranges between –1.4 oC in the period 2010–2039 to +4.2 oC 

in the period 2070-2100. The impact of climate change may cause a decrease in mean 

monthly flow volume of between –40% and –50% in 2010–2040 but this could more than 

double in 2070–2100 (Figure 7b). Seasonal mean flow volume, however, could more than 

double and increase by +30% to +40% for the Belg and Kiremit periods, respectively 

(Figure 7b). Overall, it appears that climate change will result in an annual increase in flow 

volume for the Gilgel Abay River. 

The increase in rainfall in the study area during the cropping seasons (i.e. the Kiremit and 

Belg) suggests that there may be more water to harness, using water harvesting systems for 

supplementary irrigation to tackle the rainfall variability that might arise due to climate 

change, and for irrigation for dry season cropping. Moreover, the overall increase in 

streamflow in the Gilgel Abay River will have positive implications for the ongoing dam 

projects in the River.  
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Figure 7. Percentage change in monthly, seasonal and annual (a) rainfall and (b) flow 

volume for the period 2010–2100 using the A2a scenario, compared to the baseline period 

1990–2001, at the Dangila meteorological station, and the Gilgel Abay gauging station, 

respectively. Bega (dry) season = October to January, Belg season = February to May, and 

Kiremit season = June to September. The 2020s, 2050s and 2080s cover 2010–2039, 2040–

2069 and 2070–2100, respectively. 

3.3.2. Implications of the intensification of small-scale water management 

interventions at a meso-scale watershed in the Lake Tana sub-basin 

Supplementary irrigation from water harvesting ponds and improved nutrient application 

increased crop yield and water productivity (Figure 8). The best case fertilizer application 

increased the median spatio-temporal (i.e. across all HRUs and seasons) teff yield three-

fold compared to current farming practice. The dry season irrigation from water harvesting 

ponds produced a median spatio-temporal onion yield of 7.66 tonnes/ha. Supplementary 

irrigation from water harvesting and nutrient scenarios had a substantial effect on teff yields 

in relatively drier years, possibly because of the occurrence of dry spells and droughts. 

Onion production, on the other hand, was better during relatively wet years. The median 

spatio-temporal water productivity during the baseline conditions was less than 0.2 kg/m3, 

but implementation of water harvesting and better nutrient application improved it to 0.45 

kg/m3. 
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Figure 8. Box-percentile plot sumarizing teff and onion yields, and water productivity 

for teff across all irrigated HRUs and seasons, 1993–2007. For teff, (a) and (b) represent 

the yield and water productivity for baseline conditions, and supplementray irrigation with 

three nutrient scenarios. For onion yield (c), irrigation and a single nutrient application was 

considered. The median, 25th and 75th percentiles are marked with line segments across the 

box. The width of the box at any height up to the 50th percentile is proportional to the 

percentile of that height, and the width above the 50th percentile is proportional to 100 

minus the percentile. 

The total annual amount of water used for irrigation over the whole watershed was very 

small – 4% to 30% of the total water yield from the watershed in the same year. We found 

that there was sufficient water to meet environmental flow requirements. The annual 

environmental flow requirement accounts for 8.2% to 61% of the annual runoff volume, 

depending on the climatic year. Furthermore, there was excess water leaving the watershed 

that could be used for other services (Figure 9a). Water harvesting altered the stream flow 

hydrograph at the outlet of the watershed, in that the amount and timing of the peak flows 

and low flows changed. Long-term analysis (Figure 9b) showed that at the beginning of the 

rainy season the mean monthly streamflow decreased as a result of water harvesting 

implementation. This is the period that ponds will be filled and irrigation will be applied. 
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Hence, it is apparent that the mean monthly streamflow might decrease. At the end of the 

rainy season, however, the mean monthly streamflow increased. This could be attributed to 

a lag in stream flow due to the storage and release effect from the water harvesting ponds, 

and a contribution from return flows such as percolation and groundwater recharge. 

Overall, as a result of water harvesting implementation, the annual streamflow volume 

could decrease by between 14% and 33%. However, in a few years an increase in annual 

streamflow volume of up to 25% was observed (Figure 9c). Water harvesting 

implementation substantially reduced sediment loss from the watershed. 

 

Figure 9. Change in flow attributes before and after water harvesting implementation. 

(a) Annual total irrigation, environmental water requirement and total water yield in 

millions of m3; (b) mean monthly stream flow, 1993–2007, at the outlet of the watershed 

before and after water harvesting implementation; and (c) change in annual stream flow 

volume as a result of water harvesting implementation. WH = water harvesting. 
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4. DISCUSSION  

 

4.1. Methodological approaches to understanding the implications of 

water harvesting implementation 

Successful water harvesting implementation entails adequate investigation of its suitability. 

This thesis (Paper II, and Paper VI) places due emphasis on such analysis. In Paper II, we 

took land use, soil, slope and rainfall as the main inputs for the analysis, and classified the 

areas of the entire Upper Blue Nile basin into different suitability classes. This type of 

analysis provides a general overview of the suitability of an area for water harvesting. 

Paper VI included hydrology in the analysis so that water harvesting ponds were 

implemented only where there was sufficient water for a double cropping system. These 

approaches can be used to identify suitable areas for water harvesting from a biophysical 

point of view. The suitability of an area for water harvesting can also be constrained by 

social factors, such as access to markets, enabling environments, institutional arrangements 

and so on. However, spatially explicit data on such parameters were not available for the 

Upper Blue Nile basin. Where such information is available, it is possible to refine the 

suitability analysis. We argue, however, that technical suitability for water harvesting is the 

first step towards identifying an area for the implementation of water harvesting. 

Our assessment showed that the CN method (Paper III) performed well at estimating 

surface runoff, although it caused underestimates during conditions of low rainfall 

intensity. When it comes to water management, however, it is the high surface runoffs that 

fill ponds and reservoirs that are important. Therefore, its strength at accurately estimating 

surface runoff in conditions of high rainfall intensity makes the CN method suitable for 

water management applications in tropical regions. 

The SWAT model is an appropriate tool for understanding the bio-physical implications of 

intensifying water harvesting for upstream-downstream social-ecological systems. It has the 

capacity to include different types of water harvesting intervention. The SWAT modelling 

environment allowed suitable areas for the implementation of water harvesting to be 

identified. For example, in this thesis (Paper VI) ex-situ water harvesting systems were 

integrated into the SWAT model. It also provides key biophysical indicators that are 

important for analysing the implications of intensified water harvesting systems for 

upstream-downstream social-ecological systems. Moreover, the results from SWAT could 
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be integrated into other economic and ecological models in order to perform a detailed 

social-ecological analysis. 

4.2. Is climate change a challenge or an opportunity? 

There are indications that rainfall may increase in much of East Africa (Hulme et al., 2001; 

IPCC, 2007). We also showed that rainfall could increase in the Lake Tana basin. This 

suggests that climate change may have positive implications for agriculture if appropriate 

infrastructure is in place. Water harvesting systems will help to store the rainfall and use it 

for dry season cropping for cash crop production. However, it is important to note that 

climate change is also accompanied by an increase in temperature, which will increase the 

evaporative demand from crops even if the fertilization effect of elevated CO2 levels from 

climate change might increase crop water use efficiency (Lawlor et al., 1991). Moreover, 

research has shown that climate change will increase rainfall variability, causing more 

frequent dryspells and droughts (IPCC, 2012). In such cases, water harvesting systems can 

store water for supplementary irrigation and thereby maintain or even increase agricultural 

production. It is possible to argue that the challenges of climate change could be turned into 

an opportunity through water harvesting systems in much of sub-Saharan Africa, or that 

such systems could at least be used as adaptation tools to manage the challenges of climate 

change. 

4.3. Possible consequences of water harvesting intensification 

We showed that the use of water harvesting and improved nutrient application can increase 

crop production. The return from water harvesting investment varies depending on the 

climatic conditions. For example, in the studied watershed, during the “dry” climatic years 

water harvesting helped to bridge rainfall variability and provided better staple food 

production (i.e. teff). In “wet” climatic years more onion was produced from the dry season 

irrigation since sufficient water was stored in the water harvesting ponds. This suggests that 

water harvesting systems can provide different functions in different climatic conditions. 

We indicated that even those farmers who do not have water harvesting systems, because of 

a lack of suitable areas for water harvesting or because they are located downstream of the 

watershed, can receive spillover benefits that arise from a reduction in food prices and food 

sharing opportunities (cf. Pretty et al., 2003). This shows the role of water harvesting in 

ensuring food security both locally and regionally.  
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Water harvesting showed yield improvements with increased fertilizer application (Paper 

VI). It is possible that increased nutrient application could lead to offsite nutrient leakage, 

and possibly to ecological problems such as eutrophication, in the downstream riparian 

ecosystems. We noted, however, that water harvesting systems can trap sediments and 

embed nutrients, thereby reducing excessive nutrient loss into downstream social-

ecological systems. Moreover, in Paper I we showed that in-situ water harvesting systems 

can improve soil fertility and thereby reduce the excessive nutrient requirement for crop 

production. Integrating in-situ and ex-situ water harvesting systems could have a synergetic 

effect in improving soil fertility and also limiting nutrient leakage.   

The current understanding in regard to water harvesting implementation is either a decrease 

in downstream streamflow or negligible change. We showed that both these situations were 

observed in catchments with different characteristics, including climatic conditions, soil 

type, land use type, topographical features and catchment size. These catchment 

characteristics affect hydrological dynamics differently. Thus, implementing water 

harvesting systems in such diverse catchment conditions will provide varied hydrological 

responses. Furthermore, the type of water harvesting and the scale of intensification play 

different roles and have different downstream consequences. This suggests that the 

consequences of water harvesting on downstream streamflow might be catchment- and 

context-specific. For example, the studied watershed is located in a sub-humid climatic 

region, and ex-situ water harvesting was implemented on 38% of the watershed. In this 

context, the results indicated that the streamflows decreased by 14%–33%, but in some 

climatic years the streamflows increased by up to 25% (Paper VI).  

Moreover, where implementation impact is assessed determines the extent of the 

consequences. In other words, the further downstream from the implementation area, the 

smaller the impact, since hydrological processes in the surrounding landscapes play an 

increasing role. In addition, the magnitude and frequency of any change in runoff 

generation will have to be related to the ecosystem requirements and water use needs 

downstream. Thus, sensitive ecosystems may have highly specific requirements. Third, the 

nature of downstream habitats, for instance habitats that are particularly valuable from an 

ecological point of view, may also determine the acceptable degree of disturbance of 

hydrological processes by the implementation of water harvesting. 
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We therefore concluded that there is no single answer to the implications of the 

intensification of water harvesting. Everything depends on the hydro-climatic condition of 

the watershed, the season, the type of water harvesting and the scale of its implementation.  

The hydrological changes as a result of water harvesting can be positive or negative for 

upstream-downstream social-ecological systems. The increase in low flows and reduction 

in peak flows could stabilize the river flow regime so that it enhances the health of riverine 

ecosystems. Furthermore, sediment retention in water harvesting ponds can keep fertile 

soils locally, and thereby improve the water quality of downstream social-ecological 

systems. On the other hand, the disturbance of the natural variability of the river flow and 

sediment influx could adversely affect the natural functioning of ecosystems.  

We hypothesized in Paper I that there might be three possible consequences of intensifying 

water harvesting on upstream-downstream social-ecological systems, depending on the 

biophysical conditions of the catchment and nature of water harvesting intensification. 

These are: “green zone”, where both the upstream and downstream social-ecological 

systems benefit; “green-gray zone”, where the upstream social-ecological systems benefit 

but there are negligible or undetectable overall effects on downstream social-ecological 

systems; and “red zone”, where the upstream social-ecological systems benefit while 

having negative consequences for the downstream social-ecological systems. We can 

therefore generalize that in biophysical conditions similar to those in the studied watershed 

(Paper VI), the overall implications of intensifying water harvesting on the upstream-

downstream social-ecological systems are within the “green zone” (Table 3).  

Table 3. Table showing the relative upstream-downstream benefits of intensifying water 

harvesting systems in watersheds similar to the Lake Tana basin 

Biophysical indicator Benefit upstream Benefit downstream 

Food availability +++ ++ 

Soil loss + ++ 

Low flows ++ ++ 

Peak flows + ++ 

Total flows  – 

Note: the number of pluses is a qualitative description to depict the comparative benefits 

between upstream-downstream systems.  
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4.4. A framework for the implementation of water harvesting systems 

We showed in Paper I that the current state of social-ecological systems in rainfed 

agriculture in sub-Saharan Africa is pressured by various drivers that demand change. We 

have shown that water harvesting systems can lead to a sustainable agricultural 

intensification without compromising the environment. Successful water harvesting 

implementation, therefore, entails detailed physical suitability and biophysical analyses.  

We suggest that physical suitability analysis is the first step towards implementing a 

successful water harvesting intensification. Physical suitability analysis provides an 

overview of the suitability of a region for the implementation of water harvesting. It helps 

to identify priority watersheds that can be used for further investigation of the 

implementation of water harvesting on different biophysical systems. Since physical 

suitability analysis uses input data, such as on soil, land cover, slope and rainfall, it is 

helpful to determine the type of water harvesting system (e.g. in-situ or ex-situ) and the 

different types of water harvesting systems in each category. For example, this thesis 

assessed suitable areas and potential for water harvesting in the Upper Blue Nile basin. 

Moreover, it identified a watershed to be used for further study of the implications of water 

harvesting implementation for different biophysical systems.  

Implementation of water harvesting may have positive as well as negative implications 

when viewed from different perspectives. The positive implications are opportunities that 

will be harnessed from water harvesting implementation. These include increases in 

agricultural crop production, stabilization of the river flow regime and reductions in 

sediment loss. It may also have negative implications such as reductions in total annual 

stream flow, and disturbances to stream flow variability. This helps estimate the trade-off 

that results from water harvesting intensification. The opportunities and trade-offs can be 

determined by conducting a biophysical analysis, which can be performed using models 

such as SWAT. SWAT can model hydrology, sediment transportation and crop production. 

These are the important indicators for studying the holistic upstream-downstream social-

ecological implications of an intensification of water harvesting. Moreover some of the 

biophysical attributes (e.g. the hydrological potential) help to design the water harvesting 

intensification system (e.g. water harvesting for supplementary irrigation, second cropping, 

soil and water conservation, etc.). It was suggested that this type of biophysical analysis 

should be performed on a meso-scale watershed (CA, 2007). In this Ph.D. thesis, a detailed 



 

biophysical analysis was performed to understand the implications of water harvesting 

implementation for a meso

shows the framework for the physical suitability and biophysical analysis.

Figure 10. A framework for determining 

implications of the implementation

We have provided a framework that can be used to determine the physical suitability for 

water harvesting systems and thereby understand the biophysical implications of water 

harvesting practices for

way towards implementing a successful water harvesting system. 

that the success of water harvesting projects is also determined by other interacting factors

such as proper planning and implementation, 

human resources and socially viable technology 

Moges et al., 2011; Biazin et al., 2011)

framework for successful implementation 

decision tree includes both quantitative approaches
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biophysical analysis was performed to understand the implications of water harvesting 

a meso-scale watershed in the Lake Tana basin (

s the framework for the physical suitability and biophysical analysis.

A framework for determining the physical suitability and biophysical 

implementation of water harvesting  

provided a framework that can be used to determine the physical suitability for 

water harvesting systems and thereby understand the biophysical implications of water 

for upstream-downstream social-ecological systems. This 

way towards implementing a successful water harvesting system. 

that the success of water harvesting projects is also determined by other interacting factors

such as proper planning and implementation, a well functioning market 

and socially viable technology (Rosegrant et al., 2002a; Rämi, 2003; 

Moges et al., 2011; Biazin et al., 2011). We propose a decision tree 

sful implementation of water harvesting (Table 3). The proposed 

decision tree includes both quantitative approaches, such as physical suitability and 

biophysical analysis was performed to understand the implications of water harvesting 

scale watershed in the Lake Tana basin (Paper VI). Figure 10 

s the framework for the physical suitability and biophysical analysis.  

 

physical suitability and biophysical 

provided a framework that can be used to determine the physical suitability for 

water harvesting systems and thereby understand the biophysical implications of water 

ecological systems. This takes us half 

way towards implementing a successful water harvesting system. The literature suggests 

that the success of water harvesting projects is also determined by other interacting factors, 

well functioning market system, skilled 

(Rosegrant et al., 2002a; Rämi, 2003; 

. We propose a decision tree to be used as a 

(Table 3). The proposed 

such as physical suitability and 



52 

 

biophysical analysis (discussed above), and qualitative approaches, ranging from socio-

economic analysis to monitoring and evaluation.  

Socio-economic analysis such as cost-benefit analysis and comparative economic studies 

among different technologies should be conducted to get a better insight into selecting the 

most profitable technology. The economic analysis should consider both short-term and 

long-term benefits. Some technologies, such as in-situ water harvesting systems, have long-

term benefits and their short-term benefits may not be easily visible. Access to markets, 

labour availability, resource endowment, such as wealth including land, and gender and 

education are among the key determinants of water harvesting implementation that require 

thorough consideration in the socio-economic analysis (e.g. Munamati and Nyagumbo, 

2010). For example Biazin et al. (2011) suggest that the production of vegetables using 

water harvesting requires a market that is easily accessible, since the produce cannot be 

stored or transported easily. Boyd et al. (2000) show how improved access to markets and 

increased producer prices stimulate investment in in-situ water harvesting systems at the 

household level in Tanzania. Rämi (2003) reports that ex-situ water harvesting systems are 

labour-intensive. Munamati and Nyagumbo (2010) show that resource status and gender 

issues were directly related to the performance of in-situ water harvesting in the Gwanda 

district of Zimbabwe: wealthy and man-headed households performed better with in-situ 

water harvesting systems. Boyd et al. (2000) showed that farmers with some level of 

education performed better with in-situ water harvesting systems than with those with no 

education. Social values and settings also determine the uptake of water harvesting systems. 

For example, the konso people in southern Ethiopia are known for constructing terracing 

systems. They can easily understand and implement different types of in-situ water 

harvesting system. Some societies may be reluctant to use ex-situ water harvesting systems, 

believing that such systems might increase the incidence of malaria, as well as the risk of 

drowning for children and animals (Rami, 2003). Thus, socio-economic analysis aids the 

design of water harvesting systems that fit the socio-economic context of a given area.  

Stakeholder consultation and an accompanying site visit can help to cross-check the 

feasibility of identified water harvesting systems in the local context. Moreover, 

consultations with beneficiaries, government agencies and non-governmental organizations 

help to identify specific challenges and opportunities that should be included in the design 

and planning of water harvesting implementation. For example, Rämi (2003) reports that 

some farmers prefer water harvesting systems that require less human input in their 
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construction and use. In regions where there is land scarcity, farmers are more interested in 

water harvesting systems that take up less space. This dialogue with the stakeholders can be 

used to create awareness of and thus develop interest in implementing the technologies. It 

also creates avenues for capacity building on how to implement, use and maintain the 

technologies. Engaging the stakeholders, particularly farmers, creates ownership of the 

projects, which increases the sense of responsibility for maintaining and taking care of the 

systems. This, in turn, increases the chances of success.  

Planning and implementation in this thesis refers to putting the project into practice based 

on the collected evidence discussed above. It includes mobilizing funds to initiate projects. 

It is argued that the initial investment required for water harvesting systems is too 

expensive (Rämi, 2003) and that farmers may not have the start-up finance for such 

investments. In such cases, arranging micro-credit opportunities could be one option for 

financial sources. Moreover, the planning of linkages between beneficiaries and profitable 

markets can provide higher returns on the investment. Economic incentives could therefore 

promote the adoption of water harvesting systems (e.g. Hatibu et al., 2006). The other 

determining factor for the success of water harvesting implementation is establishing clear 

institutional settings, responsibilities and coordination among different levels of 

government hierarchies. For example, in Ethiopia the lack of coordination between the 

Ministry of Agriculture and Rural Development, which was the initiator of the national 

water harvesting projects, and the regional authorities, which were responsible for the 

planning and implementation, was high among the causes of failure of water harvesting 

implementation in the country (Awulachew et al., 2005; Moges et al., 2011). Capacity 

building at all levels of society builds skilled manpower that can execute projects 

successfully. Needless to say, employing appropriate construction practices and timely 

delivery of construction materials are important steps in implementing functioning physical 

infrastructure. Rämi (2003) reported that lack of construction materials such as cement and 

wire-mesh for plastered tanks, and of polyethylene membrane for ponds had costly 

consequences for the success of the 2002–2003 water harvesting implementation in the 

Amhara region of Ethiopia.  

Governments or NGOs are often keen to build water harvesting systems but do not follow 

up on the development of the intervention. Monitoring and evaluation is one of the key 

steps to achieving successful implementation of water harvesting. Proper operation and 

maintenance of the technology determines the productivity and functioning of water 
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harvesting systems. This in turn depends on the availability of spare parts in local markets, 

and trained personnel who can repair malfunctioning systems (Rämi, 2003; Awulachew et 

al., 2005). Moreover, the system should be progressively evaluated and adapted to changing 

situations or modified to take account of factors not foreseen during the inception of the 

project. The system should also be upgraded to include emerging and modern technologies. 

Besides mainstream water harvesting practices, experimentation with traditionally available 

water harvesting systems could result in low cost and efficient systems that are tailored to 

local contexts. For example, Rämi (2003) reported that farmers in Tigray, Ethiopia invented 

an ingenious drip irrigation system that minimizes water loss.  

We have shown that water harvesting systems can help to build sustainable agricultural 

intensification as well as resilience against climatic shocks. Governments, NGOs and 

research institutions have backed them despite their various ups and downs. There are 

hopes that Africa is rising (Economist, 2011). Will water harvesting be used throughout the 

development process and afterwards, only during the transition phase or not at all? One 

must hope to live long enough to see how this unfolds.  
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TABLE 3. A framework for implementing water harvesting systems, large scale 

assessment to ground-level implementation  

Assessments for water 
harvesting implementation  

Determining factors Importance 

Physical suitability analysis - land use, soil, slope, 
rainfall, etc. 

  

- assesses suitability for water 
harvesting at lager scale 

- provides priority areas for further 
investigation  

- determines type of water harvesting 
system  

 
 

Biophysical analysis  - land use, soil, slope, 
rainfall, etc. 

- management decisions 
- hydrological processes 

- fine-tuning suitable areas for further 
investigation  

- determining the different purposes 
of the water harvesting schemes  

- selection and design of water 
harvesting systems  

- understanding implications of 
various biophysical systems  

 
 
Socio-economic analysis  - initial investment 

- return on investment 
- access to market  
- availability of labour  
- effects on health 
- social settings  
- availability of land  

- identifying low-cost technologies  
- selecting technologies that fit the 

social and cultural setting  

 
 

Stakeholder consultation - dialogue at various 
hierarchical levels  

- site visit  

- reality check 
- feasibility assessment 
- capacity building 
- awareness-raising  
- creating sense of community 

ownership  
 

 
Planning and implementation  - financial arrangement  

- skilled manpower 
- availability of 

construction materials 
- community participation 
- searching for market  
- institutional coherence  

- ensuring funds to start up projects  
- appropriate implementation of 

technology 
- establishing necessary institutional 

collaboration and linkages  

 
 

Monitoring and evaluation - follow-up  
- operation and 

maintenance  
- experimentation 

 

- maintaining a functioning system 
- adaptation of the system to 

unforeseen factors 
- upgrading the system by including 

emerging technologies  
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5. CONCLUDING REMARKS  

 

� The Curve Number method estimates surface runoff at high rainfall intensity pretty 

well. This indicates that it is a useful method for water management applications in 

tropical regions, since the runoff from high rainfall intensity counts for filling 

reservoirs and ponds.  

� Data scarcity is one of the challenges for hydrological modelling and water 

management purposes. The CFSR weather data proved to be a good substitute for 

conventional weather data in climate data-scarce environments.  

� Taking the Upper Blue Nile basin (Paper II) and the meso-scale watershed in the 

Lake Tana basin (Paper VI) as typical examples, we found that there is huge 

potential for implementation of water harvesting in sub-Saharan Africa.  

 Water harvesting has the potential to improve staple food production, and to 

produce cash crops that help to achieve food security. Moreover, it has the potential 

to build sustainable agricultural intensification practices, as well as resilience 

against water-related shocks.  

� Water harvesting upstream does not automatically mean a reduction in annual 

streamflow downstream. The implications depend on dynamic and non-linear 

hydrological processes and complex interacting factors. There can, therefore, be 

multiple hydrological implications.  

� Water harvesting ponds buffer river flow variability, and modify the river flow 

regime and sediment transportation. These can have positive consequences in 

providing sustained streamflow throughout the year and improving water quality. At 

the same time, these changes may have negative consequences – particularly for 

riverine ecosystems. 

� The increase in annual rainfall in East Africa as a result of climate change could 

become an opportunity to mitigate the unprecedented challenges of climate change 

through the use of water harvesting systems. Water harvesting systems can store 

water for supplementary irrigation in order to bridge rainfall variability and provide 

more water for dry season cropping of cash crops. 

� Establishing a successful water harvesting system requires a chain of processes 

from detailed technical analysis to progressive monitoring and evaluation.  
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