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FOREWORD 
The world is now facing the challenge of intensifying food production while avoiding 
ecosystem deterioration that in the long term can threaten agricultural productivity. 
Semi-arid tropical areas are especially vulnerable with high levels of poverty, popula-
tion growth and low agricultural production. The low yields in these regions indicate 
however a potential for considerable yield improvements if water and nutrient needs 
can be met in a sustainable way. Several small-scale, agro ecological methods for im-
proved water, soil and nutrient management exist, but are often promoted in a piece 
meal fashion with variable results. In the Triple Green research project, Stockholm 
Resilience Centre (SRC), Stockholm Environment Institute (SEI) and Addis Ababa 
University assess the combination of three promising innovations in tropical agricul-
ture; water harvesting, conservation tillage and productive sanitation. The combined 
synergies of these methods have the potential to achieve a triply green revolution by 
increasing yields (green), using more green water in a sustainable (green) way. The key 
project research questions are: 
•       What is the productivity potential and ability to build social-ecological resilience of 
adopting a combined farming system development including water harvesting, con-
servation tillage and productive sanitation- addressing the three most fundamental ag-
ricultural challenges – water, soil and nutrients – using the most promising innova-
tions in agricultural practices? 
•       What are the adoption constraints hindering an up-scaling of triply green integrat-
ed farming systems? 
•       In a world that needs to increase food production by 70 % by 2050, what could 
the relative contribution be from water-scarce tropical regions in the world, if success-
fully adopting a triply-green revolution? 
  
A theoretical evaluation to what extent these methods can contribute to food produc-
tion in semi-arid areas is complemented by on farm field trials in Ethiopia, where agri-
cultural parameters as well as economical, socio-cultural and institutional aspects in re-
lation to the proposed innovations are evaluated. 
 
Linus Dagerskog, Research Associate, SEI 
Stockholm 26 June 2014 
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SUMMARY IN SWEDISH 
År 2050 förväntas 9,6 miljarder människor dela och förvalta jordens resurser. Befolk-
ningsökningen och en ökad matkonsumtion gör att det globala behovet av mat kom-
mer öka med 45-50 %. Ett sätt att möta de kommande behoven är att öka effektivite-
ten av det redan befintliga jordbruket, dvs öka avkastningen per area brukad mark. 
Helst ska det ske på ett hållbart sätt som inte utarmar jordens resurser på sikt. Jord-
bruk, som än så länge har regn som enda vattenresurs, har den allra största potentialen 
till högre avkastning. 95 % av allt jordbruk i Afrika, söder om Sahara, använder inte 
någon form av bevattning och samma region kommer troligtvis ha den största andelen 
fattiga relativt sin egen befolkningsstorlek (40 %) år 2015. Mellan 40-70 % av hushål-
len på landsbygden söder om Sahara har en inkomst som till tre fjärdedelar beror av 
jordbruket. Studier har visat att investeringar som har målsättning att öka produktivi-
teten i jordbruket är effektivt som medel mot fattigdomsbekämpning. Genom att öka 
avkastningen inom jordbruket i Sub-Saraha Afrika (SSA) kan både regionens framtida 
efterfrågan på mat tillfredställas samtidigt som hushållsekonomin i regionen kan för-
bättras. 
Studien utfördes inom Triple Green Project, ett projekt iscensatt av Stockholm Resili-
ence Centre och utfört av Stockholm Environment Institute i samarbete med Addis 
Ababa University. Projektet är forskningsbaserat och undersöker synergieffekten av 
att använda metoder för tilläggsbevattning, förbättrad jordbearbetning och gödsling 
med urin för att öka produktivititen av spannmål. 
Syftet med denna studie var att utvärdera och undersöka hur effektiv tilläggsbevatt-
ning kan vara för att öka spannmålsskörden och reducera variationen i skörd mellan 
åren, dvs. minska de år då skörden slår fel. Fokus ligger på småskalig bevattning och 
jordbruk i det etiopiska låglandets halvtorra klimat (200-900 mm regn). Frågor som 
besvarades var: 

• Hur mycket vatten går åt till bevattning för att öka skörden och ta bort risken 
för missväxt? 

• Är småskaliga system för regnvatteninsamling och bevattning en bra lösning 
för att öka produktiviteten? 

Studien innefattar tre delar:(1) klimatsimuleringar, (2) analyser av fältdata samt (3) in-
tervjuer. Modellering utfördes med hjälp av CoupModel, en fysikaliskt baserad dator-
modell som beskriver ett system där planta, jord och atmosfär interagerar. Modellen 
användes för att studera hur en C4-växt (majs är ett exempel på en sådan) svarar mot 
olika bevattningsscenarier och hur mycket vatten som skulle behövas för att åstad-
komma en hög och jämn skörd. Modellen undersöktes med hjälp av sex olika områ-
dens klimatdata över en 30-årsperiod (1980-2009). Inom andra delen analyserades två 
års skördedata från experiment med majsfält som genomförs av Triple Green Project i 
Etiopien. Korrelations- och multipel regressions analyser utfördes för att se hur 
majsskörden påverkas av tilläggsbevattning. Slutligen intervjuades de jordbrukare som 
deltagit i projektet and använt sig av regnvatteninsamlingsdammar och tilläggsbevatt-
ning för att få fram deras åsikter och tankar kring systemen. 
Resultaten från klimatsimuleringarna visade att bevattning bör utföras med mycket 
vatten per bevattningstillfälle och att mer vatten behövdes ju torrare klimatet är. Ge-
nom att applicera bevattning eliminerades åren med missväxt för samtliga klimat och 
skörden ökade. Skörden var högre för områden med lägre temperatur. Bäst utnyttja-
des bevattningen när den användes för att överbrygga de två regnperioderna (feb-april 
och juli-sep) och skapa en förlängd skördesäsong (över 180 dagar). Då skulle det i 
snitt krävas 224 mm bevattning fördelat på sju tillfällen per år. Fältanalyserna bekräf-
tade att skörden ökar med tilläggsbevattning, om än med blygsamma men signifikanta 
10 %. Ingen av jordbrukarna ville använda det insamlade regnvattnet till att bevattna 
spannmål. Istället föredrog de att använda vattnet till sin boskap och för att odla grön-
saker och fruktträd. Jordbrukarna hade 0,5-2,25 hektar mark och de flesta tyckte att 
arbetet med att bevattna var slitsamt. De dammar som vanligen användes i fält räcker 
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bara till att bevattna 0.4 hektar förutsatt att dammarna blir helt påfyllda mellan varje 
bevattningstillfälle, enligt modellens resultat. 
Studiens slutsatser är att bevattning kan öka spannmålsproduktiviteten i SSA och kan 
vara en viktig komponent för att trygga regionens matförsörjning. En välfungerande 
infrastruktur för insamling, lagring och distribution av vatten behövs om morgonda-
gens efterfrågan på mat i SSA ska bemötas med intensifierad spannmålsproduktion. 
Ansvaret bör ligga på samhällsnivå eftersom matsäkerheten är ett samhälleligt problem 
och den lokale jordbrukaren är mer intresserad av att använda de små dammarna till 
annan produktion än spannmål. 
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ABSTRACT 
With a growing world population, estimated to 9.6 billion in 2050, the world food 
demand is estimated to increase with 45-50 %. One way to meet the demand is to in-
crease the areal yield from the agricultural sector, where rain-fed agriculture has the 
highest potential. 95 % of the agriculture in Sub-Saharan Africa is rain-fed and the 
same region is predicted to holds the largest share of poor people in 2015. Since 40-
70 % of the rural households highly depend of on-farm sources, investments to in-
crease the agriculture productivity target both the poverty alleviation in the region as 
well as the world’s food security. By a tripartite methodology, this study analyzed the 
use of small-scale rain water harvesting (RWH) ponds for supplemental irrigation (SI) 
of cereals to reduce the inter-annual variability and to increase the areal yield in semi-
arid areas in Ethiopia. A physically based simulation model (CoupModel) considering 
the plant-soil-atmosphere system was used to study how a C4-plant responded to dif-
ferent irrigation scenarios with 30 years climate data (1980-2009) from six regions in 
Ethiopia. Moreover, two years field data with maize yield from Triple Green project’s 
experimental fields in Ethiopia was used to analyze the correlation between SI and 
yield. Finally, ten farmers that used RWH ponds for SI of cereals within Triple Green 
project were interviewed to find out their perception of the RWH and SI. The model 
results showed that irrigation almost eliminated the inter-annual variability and in-
creased the areal yield for all the climates. SI was most efficiently used in areas with 
more than 900 mm precipitation/year were the two annual rain periods could be 
bridged to create a prolonged growth season (>180 days). The mean annual irrigation 
water demand was estimated to 224 mm distributed over 7 irrigation events. The field 
results showed a moderate but significant 10 % increase of the areal yield with SI. 
None of the farmers wanted to use the RWH for SI of cereals, instead they wanted to 
use it to water their livestock, grow cash crop seedlings and fruit trees. If the future 
world food demand is to be targeted, the study suggests societal investments to build 
infrastructure to collect, store and distribute water for irrigation. 

Key words: Supplemental-irrigation, Maize, Triple-Green-project, Coup-
Model, Ethiopia, Sub-Saharan-Africa 

1. INTRODUCTION 
1.1. Background  

With a growing world population, estimated to 9.6 billion in 2050, the 
future food security is of utmost importance (UN, 2012). Predictions 
state that the food production needs to increase by 45-50 % in kilogram 
of food until 2050 in order to cover the future food demand from a 
growing population with higher demands (Alexandratos, 2009). One way 
to increase the total food production in order to cover the future de-
mand is to intensify the already existing agricultural sector by increasing 
the areal yield (more edible biomass per unit area). The highest potential 
to increase the yield is found in the rain-fed agriculture, which include 
95 % of the Sub-Saharan Africa (SSA) (The World Bank’s website). The 
same region is also predicted to holds the largest share (40 % relative its 
own population) of poor people in 2015 (Chen & Ravallion, 2007). 40-
70 % of the rural households in SSA earn more than three quarters of 
their income from on-farm sources (IFAD, 2011). Moreover, poverty 
reduction is also closely linked to the agricultural productivity (Cervan-
tes-Godoy & Dewbre, 2010). A focus on a more efficient agriculture in 
SSA targets both the world food security as well as the regions poverty 
alleviation.  
According to FAO’s data of maize yield, the mean areal yield was 2100 
kg/ha in Africa (including high productive South Africa), which can be 
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compared to 4900 kg/ha for the whole world (FAOstats’ website). 
Moreover, the inter-annual variability in yield was high for many African 
countries. The mean standard deviation from the mean areal yield for 
countries from East and Southern Africa within the years 1979-2012 is 
31 %. In Ethiopia, the standard deviation is 25 % of the mean areal yield. 
Other countries in the region have much higher standard deviation from 
the mean areal yield such as Eritrea (40 %), Zimbabwe (43 %) and Bot-
swana (63 %). Some countries in the region, such as Ethiopia, have a 
positive trend for the areal yield over the last decade (Fig. 1). However, 
several other countries have a more or less constant areal yield over the 
period 1979-2012 (i.e. Eritrea and Botswana) or even a decreasing trend 
(i.e. Zimbabwe). 
One of the major challenges is to increase the crop yields even though 
up to 40 % of the land area in SSA suffers from water scarcity (Rock-
ström et al, 2007). Accounting the risk of reduction in precipitation due 
to climate changes, this challenge may become even more critical to han-
dle. Although the Intergovernmental Panel on Climate Change (IPCC) 
predicts that the rainfall might increase around the highlands of Ethio-
pia, regional variability of precipitation is very high, and large catchments 
around SSA that already suffer from water scarcity will have their prob-
lems superimposed (IPCC, 2014). Of more importance is the population 
growth and urbanization which will demand more from the agricultural 
sector (Ibid). Bouagila & Sushama (2013) used the Canadian Regional 
Climate Model and made predictions that the number of severe dry 
spells (longer duration) are expected to increase over the coming century 
in Africa. Apart from coping with water scarcity, SSA countries will also 
suffer from soil degradation that has to be considered in order to in-
crease the food production. With a low use of fertilizer in SSA (8 kg/ha 
compared to 96 kg/ha in South-East Asia in 2002) and with more pres-
sured agriculture, soils are getting depleted of nutrients (Morris et al, 
2007).  
While the rain-fed agriculture has to improve in production, the world’s 
natural resources have to be managed in a sustainable way. Increased 
food production will put more stress on the total available freshwater 
when a sector that already uses 70 % of the fresh water consumption in 
the world will need even more (OECD, 2014). Although modern agricul-
ture provides secure annual yields, the environmental drawbacks have 
gained more attention lately. The modern use of large mechanized 
mono-cultural agriculture that uses chemical fertilizer and pesticides 

Fig . 1. Maize yield production in East and Southern Africa exem-
plified by Eritrea, Ethiopia, Botswana and Zimbabwe. Statistics 
from country reports to FAO between 1979-2012 (FAO, 2014). 
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stresses the environment by eutrophication of watercourses, pesticides 
entering the food chain and reduced biodiversity (Martin & Sauerborn, 
2013). Instead of copying the conventional systems, the rain-fed agricul-
tures that have not yet reached their full potential can hopefully imple-
ment systems that are both more effective, but also less harmful for the 
environment. Many agroecological farmers’ practices have been tested 
and implemented, but not yet on a large scale. 
More than twenty years ago, Sida (Swedish international development 
cooperation agency) started a large agricultural development project in 
the low land, semi-arid areas of Ethiopia. The task was to construct and 
implement the usage of small-scale rain water harvesting ponds in order 
to prevent plant stress in periods of drought within the yearly rain sea-
son, so called dry spells. The project went well and finally came to an 
end; Sida with its regional consultants left the area and the farmers where 
left to maintain and use the water tanks and ponds on their own. Many 
years later, one of the regional consultants came back to visit the area 
where the ponds once were constructed. One thing he noticed was that 
many vegetables were now sold on local markets which were normally 
not produced in the area. He asked the farmers involved in the old pro-
ject about the vegetables and got the news that it was all thanks to the 
constructed rain water harvesting systems! Instead of irrigating the cereal 
fields with the water, the farmers found it more useful to use the water 
for irrigation of ‘cash crop’1 seedlings before the rain season actually 
starts. In that way, the growth season was prolonged and for the first 
time, the farmers in the arid areas were able to grow these kinds of ‘cash 
crops’. 
This master thesis is conducted within the research of Triple Green pro-
ject in Ethiopia, which aims to implement and study the combined ef-
fects of three promising agroecological farmers’ practices – rain water 
harvesting for supplemental irrigation (SI), conservation tillage (CT) and 
productive sanitation (PS). The project’s hypothesis that a good combi-
nation of farmers’ practices is needed in order to build a system that lifts 
rain-fed agriculture to its potential production capacity. The thesis focus-
es on the supplemental irrigation efficiency on maize plants (Zea mays L.). 
This is justified by the fact that maize is a C4 plant, commonly used for 
food production in semi-arid areas, and the most important food crop 
for human and animal consumption (FAO:s website a). 

1.2. Theoretical framework 
 Water stress 1.2.1.
Maize production, although adapted and used under semi-arid condi-
tions, is sensitive to the regularity and amount of water supplied. Azizian 
and Sepaskhah (2014) showed that the grain yield was reduced with up 
to 60 % by reducing the water supply to only half of the evapotranspira-
tion of the plants water requirement. Water stress reduces the stomatal 
conductance, i.e. the water stress forces the plant to close the leaf stoma-
ta in order to reduce the transpiration which also leads to a reduction of 
the plant’s photosynthesis. Water stress which makes the plant close its 
stomata occurs not only if there is not enough plant available water in 
the soil but also when the vapor pressure deficit in the air is high. The 
water stress especially affects the grain yield of the maize plant (Ibid; 
Zand-Parsa, et al 2006). Studies have also showed the correlation be-
tween maize plants nitrate (NO3-N) and water absorption. When the 

                                                      
1 Cash crop is a common name that groups high valued vegetables in Ethiopia such as tomatoes and onions. 
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plant is not capable of absorbing the soil water, no nitrate is being ab-
sorbed either (Liao & Bartholomew, 1974).  
Years with severe drought can cause complete crop failure, but also dry 
spells within the rainy season risk yield reduction and have lately gained 
more attention. A way to reach better food security is to mitigate the im-
pact from dry spells by supplemental irrigation (Rockström et al, 2010). 
Barron et al (2003) states that the dry spells are significantly more fre-
quent than meteorological drought but still reduce the final grain yield in 
a devastating way. The authors studied the reduction of maize yield and 
concluded that the yield reduction was up to 75 % on average only if the 
dry spell (defined as >15 days with less than  0.85 mm of rain) occurred 
during the flowering stage (51-70 days after sowing) (Ibid). 

 Rain water harvesting and supplemental irrigation 1.2.2.
Mitigation to adapt rain-fed agriculture to the variability of rain events is 
therefore crucial. Rain water harvested during heavy rainfall events could 
be used for supplemental irrigation to reduce water stress during dry 
spells. The practice of various rain water harvesting (RWH) and supple-
mental irrigation (SI) systems in rain-fed agriculture has increased during 
the last decades and is recognized as a way towards a more productive 
use of the rain water and thus towards a more resilient agriculture (Bar-
ron, red., 2009). According to Pretty and Hines (2001) extensive report, 
Reducing Food Poverty with Sustainable Agriculture: A Summary of New Evidence, 
the general increase in yield for rain-fed agricultures that have been part 
in sustainable agriculture initiatives ranges between 50-100 %. Several 
other studies have showed the increase in yield through rain water har-
vesting with supplemental irrigation in India (Arya & Samra, 2001; Joshi 
et al, 2005; Sharma et al, 2008). A large scale investigation in India 
showed that harvested water used for supplemental irrigation to cover 
dry spells could increase the production with more than 50 % (Sharma et 
al, 2008). Modelling and on-farm experiments in Niger show that, for 
farmers in semi-arid Sub-Saharan areas, a doubling of cereal grain yields 
is doable with only a small increase of the of the available water used for 
plant water uptake (Rockström & Falkenmark, 2010).   
The cost benefit of investing in RWH and SI has been investigated on 

Fig . 2. A 120 m3 rain water harvesting pond in Bolo Silasie in 
April 2014. Photo: Kristoffer Ristinmaa. 
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different levels. Joshi et al (2005) reviewed 128 cases of watershed pro-
grams including rain water harvesting and management in India showed 
that the mean cost benefit ratio was 1:2.14. However, it was concluded 
that the investments on larger scale watersheds showed better cost bene-
fit ratio than investments for smaller watersheds. Another major impact 
of the cost benefit ratio was attributed to the people’s participation in the 
watershed programs; if the target group of people were involved, the 
cost benefit ratio increased. Fan et al (2009) concluded that the marginal 
for governmental investments for improving rain-fed agriculture in India 
is now greater than the marginal for investments in already irrigated agri-
cultural regions.  Fox et al (2005) also conclude that investments in 
RWH and SI are economically beneficial for farmers in Kenya and 
Burkina Faso thus justified as viable. 

1.3. Practical framework: Project Triple Green 
The Project Triple Green is an agro-ecological research project requested 
by the Stockholm Resilience Centre (SRC) and carried out by the Stock-
holm Environment Institute (SEI) in collaboration with Addis Ababa 
University in Ethiopia and financed by the Swedish research council 
Formas. The main objective and core research is to evaluate the synergy 
effect of combining promising innovations in water, soil and nutrient 
conservation for small-scale rain-fed agriculture under semi-arid climate 
conditions. The project is carried out over three seasons (2012-2014) and 
implements small-scale RWH ponds with supplemental irrigation (SI), 
conservation tillage (CT) and productive sanitation (PS) on farmers’ 
fields in the village Bolo Selasie, Ethiopia. The RWH ponds, which use a 
6 mm thick geo-membrane with 10 year UV-resistance and have a capac-
ity of 180 m3, are the cheapest recommended pond constructions (Fig. 2) 
(UN-OCHA, 2003). The rain water is collected from ex-situ run-off 
from steep sloped hard surfaces to provide supplemental irrigation water 
for field irrigation and bridge severe dry spells. No specific system has 
been chosen for SI, thus SI is done with available tools such as sprinklers 
and jericans. The CT is in this case defined as contour tillage, which tells 
that the tilling is made parallel to the fields’ contour lines (Fig. 3). This 
increases water infiltration rate, the soil moisture and therefore possibly 
reducing the impacts of the dry spell by giving the plant more available 
water. CT is also practiced to conserve the soil nutrient by reducing the 
run-off from heavy rain events. PS is in this case sanitized urine applied 
as a liquid top dressing during development stage of the plant. This is 
practiced in order to close the nutrient loop by recycling the most nutri-
ent un-used source. The integrated practice of these sustainable methods 
is evaluated to see if they together can push the rain-fed Sub-Saharan ag-
riculture towards its full potential.  

Fig . 3. Traditional tillage (left) and conservation (contour) tillage (right) in 
Bolo Silasie. Photo: Kristoffer Ristinmaa. 
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1.4. Objectives 
The main objective was to discuss the viability of rain water harvesting 
and supplemental irrigation from both a farmer’s perspective and for the 
purpose of food security.  
The main question was if it is efficient to use irrigation from small-scale 
rain water harvesting to increase the crop production and to reduce the 
annual variability of grain yield in SSA? 
In addition two specific questions were elucidated: 
1. How much water is needed for irrigation to increase yield and to 

eliminate crop failure in SSA?  
2. Are the use of low-tech small-scale rain water harvesting ponds well 

suited for irrigation of cereals? 
2. METHOD AND MATERIAL 

Three different methods was applied: (1) Physically based modelling of 
how plant growth responds to irrigation over time and for a range of 
climates; (2) Analysis of maize yield data and some complementary stud-
ies from the field study within the Triple Green project; and (3) Inter-
views with Ethiopian farmers to find out if the treatments are interesting 
in practice for Ethiopian farmers. 

2.1. Site description 
The field site is located in Bolo Selasie, a small village located 80 km or 
four hour drive from Addis Ababa, Ethiopia (Fig 4). The coordinates are 
8.83, 39.40 decimal degrees and the altitude 1832 MASL. The experi-
mental fields that are used for the study are maize (Zea mays L.) fields and 
consist of five blocks that are cultivated by three farmers (Fig. 5).  
The field set-up is designed according to the field method split-split plot 
design (Fig. 6). The main plot is treated with either conservation tillage 
(CT) or traditional tillage (TT). These main plots are divided into the 
subplots where half subplots are treated with supplemental irrigation (SI) 
and half are not. The subplots are then finally divided into sub-subplots 
where half of the sub-subplots are treated with productive sanitation 
(PS) and half are not. 

2.2. Measurements and data processing 
In order to calibrate a model, properties of the soil and plant characteris-
tics has been collected. The data have also been collected to follow the 
plant development in field to compare the different treatments. 
How the data have been collected is described in the sections below. A 
summary of what data that have been collected and the work contribu-
tion are listed in Table 1. 



Supplemental irrigation of cereals in semi-arid areas in Ethiopia - is it worth the effort? 

 

7 

  

Fig . 4. Bolo Silasie in relation to Addis Ababa on a map of 
Ethiopia. 

Fig . 5. The field site in Bolo Silasie. CT = conservation tillage, 
SI = supplemental irrigation, PS = productive sanitation, RWH 
= rain water harvesting. 

Fig . 6. Conceptual 
model of one block 
with the split-split 
plot design in 
field. 
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Table 1. Parameters and variables collected at the field site in 
Bolo Silasie and the source of data. 
Category Parameters/Variables Source of data 

Meteorological data 
Air temperature, precipitation, relative 
humidity, global radiation and wind 
speed 

Triple Green 
Researchers 

Soil properties 

Organic matter, run-off, soil moisture 
and temperature 

Triple Green 
Researchers 

Soil texture, permanent wilting point, 
field capacity and porosity 

Triple Green 
Researchers and 
this study 

Saturated hydraulic conductivity This study 

Plant properties 
Canopy height, leaf area index (LAI), 
surface covered by plant, biomass 
and grain yield 

Triple Green 
Researchers 

 

 Meteorological data 2.2.1.
The meteorological data used for modelling was measured and recorded 
with the weather station Wireless Vantage Pro2TM from Davis Instru-
ments. The station is equipped with a fan aspirated radiation shield and 
is run by solar power. The meteorological data recorded and used are air 
temperature, precipitation, wind speed, global radiation and relative hu-
midity. The precipitation is measured with a 0.2 mm tipping bucket with 
a magnet logger. The error is 0.25 mm or 4% of the total rain rates lower 
than 100 mm/hour. It accumulates the total amount of precipitation for 
the last 15 minutes. The air temperature is measured with a P-N junction 
silicon diode and the error induced by radiation with the fan-aspirated 
shield is 0.3 °C at solar noon. The wind speed is measured with a cup 
anemometer and is logged as the last 10 minutes average wind speed. 
The wind speed accuracy is 2 mph or 5% whichever is greater. The 
Global solar radiation is the sum of both the direct and the diffuse com-
ponents of solar irradiance. The radiation is converted into a current 
through a silicon photodiode transducer. The error is 5 % at start and 
the measurements drift with 2 % every year. Since no calibration has 
been conducted throughout the two years of measurements, the error is 
estimated to be 9 %. The relative humidity (RH) is measured with a film 
capacitor element and has an accuracy of 3 % up to 90% RH an 4 % 
from 90-100 %.  
The precipitation data retrieved from the weather station was validated 
with daily weather observations (Global Summary of the Day) from the 
four nearest weather stations (Awash, Bole, Harar Meda and Metehara) 
available from NOOA Climate (2014), all with a distance within 80 km 
from the field site. A comparison of the accumulated rain for two weeks 
(2-14 of July 2013) during the rainy season gave that the rain falls at the 
field site follow the same pattern as the NOOA stations although they 
differed in total amount.  
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Climate data from 1979-2009 was retrieved from the European Union’s 
Integrated Project Water and Global Change (EU-WATCH). The data is 
called WATCH-Forcing-Data-ERA-Interim (WFDEI) and consists of 3-
hours temporal resolution with the variables air temperature, precipita-
tion, vapor pressure, wind speed, global radiation, long wave radiation 
and snowfall (Weedon et al, 2012). The spatial resolution is 0.5x0.5 dd 
(around 50 x 50 km in Ethiopia). For the study, climate data from six lo-
cations on transect from the area around Bolo Silasie and through a low-
land corridor towards the coast of Djibouti were retrieved to represent a 
change in the climate conditions (Fig. 7 and Table 2). The temperature is 
lower in the two first zones, the global radiation increases while the pre-
cipitation drops from 923 to 284 towards the coast. The rainfall patterns 
are the same for all zones, with a ‘small’ rain season in March-April with 
intense rain events and the main rain season in July-October (Fig. 8).  
 

 

 Soil data 2.2.2.
Soil texture and organic matter 
Disturbed soil samples were collected from the five different blocks. For 
each block, samples were collected at 2 positions and at 2-4 depths from 
0-60 cm at each position prior the first year of field experiment in 2012 
by the researchers in of Triple Green project. The positions at each plot 
were chosen to represent plots treated with traditional as well as conser-

Table 2. Mean values of climate data from the six transect zones. 

Tran-
sect 

zone 

Latitude 
(WGS84 

dd) 

Longitude 
(WGS84 dd) 

Air tempera-
ture (C°) 

Vapor 
pressure 

(Pa) 

Wind 
speed 
(m/s) 

Precipita-
tion 

(mm/year) 

Global 
radiation 

(MJ/day,m2) 

1 8.25 39.25 18.6 1109 2.5 923 19.1 

2 8.75 39.75 23.2 1317 2.5 789 20.2 

3 9.25 40.25 26.9 1424 2.2 756 20.5 

4 9.75 40.75 27.2 1342 2.5 619 20.9 

5 10.25 41.25 26.9 1179 2.6 545 21.3 

6 10.75 41.75 27.3 1146 3.2 284 21.6 

Fig. 7. The six 
transect zones 
location in Ethiopia. 
The zones are 
situated along a 
lowland corridor. 
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vation tillage. In 2014, additional samples were collected for this thesis in 
order to encircle the greatest variation of treatments within the blocks. 
The new samples were collected at 2 positions and 2 depths (10-20 and 
50-60 cm depth) per block so that one position represents a soil treat-
ment with traditional tillage without any other treatment while the other 
position is from a plot with conservation tillage and treated with urine 
and supplementary irrigation (Fig. 5). At each depth, samples were col-
lected as composite samples consisting of soil from the plant lines as well 
as from the spacing between the lines. In total, 48 disturbed samples 
were collected, of which 45 were from the farmer’s field and 3 from a 
nearby gully as a reference for the area. 
The soil texture was determined by analysing the samples in laboratory 
with a modified version of the standard test ASTM D 422 – Standard 
Test Method for Particle-Size Analysis of Soils using sieve and hydrome-
ter analysis. The modification is that the largest sieve mesh is 4 mm, 
since focus is on the hydraulic properties of the soil governed by the fine 
grained particles. The soil texture was divided into two horizons, 0-30 
cm and 30-60 cm. The division was based on the color difference visible 
at inspections of the pits were the samples were taken. The organic mat-
ter was determined from the 2012 samples sent to laboratory analysis. 
The organic matter was estimated by the total organic carbon with the 
Walkley-Black method multiplied wit the traditional standard factor 
1.724. For more information of the methods, see Methods for the determina-
tion of total organic carbon (toc) in soils and sediments (Schumacher 2002).  
 
Porosity, permanent wilting point and field capacity 
In 2012 undisturbed core samples (200 ml) were collected for blocks 1 
and 3 at the same position as for the disturbed samples (soil texture) with 
4 depths respectively by the researcher within Triple Green project. In 
2014, 20 core samples (300 ml) were collected from the 5 blocks for this 
thesis. The samples were collected in the same position and depths as the 
disturbed samples (Fig. 5). 
The samples were then sent to laboratory in order to determine the po-
rosity, field capacity and permanent wilting point. The actual water con-
tent was calculated through the difference between the actual weight and 
the dried sample weight while the porosity was calculated through the 
difference between dry bulk density and the specific gravity. The dry 

Fig . 8. Precipitation mean (dark blue), standard deviation (light blue) and max 
values (peaks) for transect zones 1, 3 and 6 for the years 1979-2009. 
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bulk density was determined by measuring the dry weight of the core 
sample with known volume and the specific gravity was determined 
through the pycnometer method. Permanent wilting point and field ca-
pacity was determined from the same soil samples. The soil samples were 
analysed using pressure plate extractors with internal pressures of 
0.33 bar (field capacity) and 15 bar (permanent wilting point). After sev-
eral days, when steady-state conditions are present, the water content 
was measured. 
Saturated hydraulic conductivity 
The saturated hydraulic conductivity was estimated through the data giv-
en from 10 double-ring infiltrometer tests, two tests per block were con-
ducted for this thesis in 2014. The method used was a simplified version 
of the ASTM D3385, Standard Test Method for Infiltration Rate of Soils in 
Field Using Double-Ring Infiltrometer. The simplification was that the con-
stant head pressure was determined by ocular monitoring of a scale. 
When the pressure dropped with one centimeter, the rings were refilled 
with a new centimeter. The head was kept to around 10 cm of water. Al-
so, the size of the inner and outer ring differed somewhat from the 
standard test, see figure 6. When the infiltration rate tended to steady-
state, the accumulated infiltrated water, F(t), assumed to follow Philip’s 
equation: 

( ) 1/2  F t S t A t= ⋅ + ⋅   
Where S is a sorptivity parameter of the soil, t is the time from test start 
and A is an infiltration parameter that tends towards the hydraulic con-
ductivity. Empirical tests have showed that the saturated hydraulic con-
ductivity, Ksat, of the soil ranges from 33-100 % of A (American Society 
of Civil Engineers 1996). The hydraulic conductivity was approximated 
from the gradient of the last measurements in each test (assumed to have 
reached steady-state), where the parameters S and A were iteratively 
solved. The mean square error (MSE) was the indicator of how well the 
Philip’s equation with the given parameter fitted to the cumulative infil-
tration curve. The performance index was calculated for each iteration 
and was contour plotted versus both the parameters (Fig.7). This was 
done to ensure that the best performance index gave the same range and 
not unreasonable values.  
Soil moisture and temperature 
Soil moisture and temperature have been continuously logged at block 4 
(Fig. 3 for location) at two depths, 30 and 60 cm, with soil moisture sen-
sors SM300 from Delta-T Devices Ltd. The measurement period lasted 

Fig . 10. The radius of the double-infiltrometer meter used for 
field experiment (left) and the a photo of the infiltrometer in 
‘action’. Photo: Kristoffer Ristinmaa. 
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from August to December 2013 and the data was logged with 
five minutes interval with a GP1 logger from Delta-T Devices Ltd. The 
data were used to calibrate soil hydraulic property parameters in the 
model. 

 Plant data 2.2.3.
Physical properties of the grown maize plants have been collected 
throughout the field experiment by other researchers within the Triple 
Green project. The collected data consists of canopy height, leaf area in-
dex (LAI), surface covered by plant, biomass and grain yield. The canopy 
height, LAI and surface cover was only measured during 2013 and for 
block 4 (Fig. 3 for location), while the harvested biomass and grain yield 
was measured both 2012 and 2013. 
The plant height was measured at four different occasions from 9 Au-
gust to 15 September 2013. Five plants from each plot at block for were 
measured with scale and the mean value was calculated to represent the 
canopy height corresponding to the plot’s treatment. 
LAI was measured at block 4 at six different occasions from 15 August 
to 3 December 2013. At the first five occasions, the LAI was measured 
with the meter LAI-2000 Plant Canopy Analyzer from LI-COR. The fi-
nal measurement had to be done manually since the maize petioles were 
too thick for the meter. Instead a linear relationship between the area 
given by the maximum width and length and the actual area was derived 
and used for the last occasion.  
The surface cover was estimated from photos taken at four occasions 

Fig . 11. Parameter 
space of how well 
the simulated 
infiltration rate fits 
the measured points 
depending on the 
g iven value of the 
parameters in 
Philip’s equation. 
High values indicate 
a good fit. 

Fig . 12. The photo (left) and the final Boolean raster 
representation (right) where white is the surface cover and 
black is the soil surface. 



Supplemental irrigation of cereals in semi-arid areas in Ethiopia - is it worth the effort? 

 

13 

from 9 August to 30 August 2013. Two plants from each plot were se-
lected and photographed from above using a ladder. The two plants 
from each plot were selected on the basis of being typical plants for that 
particular plot by the judgment of the researchers. The photos were then 
processed to Boolean raster where the pixels containing vegetation were 
attributed value 1 and soil 0. This was done by deriving the difference in 
color within the Lab color space. The RGB colors were converted to 
Lab, then an area of reference pixel values were sampled for the code to 
search for similar Lab values. Finally the number of pixels of value 1 was 
divided with the total number of pixels to get the fraction of soil covered 
by vegetation (Fig. 12). 
The biomass and grain yield was measured at time of harvest. All plots 
from all blocks were measured for both 2012 and 2013. The five outer 
rows at each plot were neglected in the measurements to ensure that the 
results represented the specific soil treatment. The grain yield is defined 
as the weight of unshelled cobs per unit area (GY/ha) and the biomass is 
defined as all the above ground biomass except the unshelled cobs per 
unit area (AGBM/ha). All the harvested material was sun dried and the 
water content of the dried material was measured. In order to compare 
the results with reported cereal production by FAOstats , the yield and 
biomass was finally adjusted to the weight at 12.5 % moisture content 
(FAO:s website b).  

2.3. Model 
Modelling has the advantage over field experiments to not be con-
strained to site-specific condition or to the projects time frame. Field ex-
periment has also the obvious limit in numbers of replications which 
cause the uncertainty in terms of how significant the results are. The field 
experiment in Bolo Selasie so far contains two years of data from five 
replications of the experimental plot set-up. Even if it is possible to find 
significant difference in yield between different field treatments, there are 
still uncertainties whether the results depends on the temporal- and site-
specific conditions or not. In a model, the soil properties can be varied 
to represent infinite number of other agricultural fields, the plant can be 
changed and the climate can be changed to represent other regions and 
the time scale can be extended to find trends and variations over time. 
By knowing some properties of the soil, the plant and the climate, a 
model is a simple and effective way to investigate the demand of water 
for irrigation.  
In the model, the plant will have C4 plant characteristics with plant 
properties similar to the maize plant in Bolo Silasie. The soil will be cali-
brated to represent the conditions of the field site, i.e. a sandy loam. 
Then, by using a physically based model for the soil-plant-atmosphere, 
this study investigates how a C4 plant will respond to irrigation scenarios 
over a 30 years period for six different climates. The modelling was per-
formed to estimate the irrigation requirements and the irrigation use effi-
ciency. 

 Model theory and conceptual model 2.3.1.
The modelling part of this thesis is done with CoupModel (Jansson, 
2012) developed by Per-Erik Jansson and coworkers from many previ-
ous interdisciplinary research projects. It is a model that enables coupling 
of heat and mass transfer models for soil-plant-atmosphere systems. The 
CoupModel can be seen as a platform with a set of models, both physical 
and empirical, for estimating different environmental processes linked to 
nutrients, water and energy. The models can interact with each other and 
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by choice be assembled to represent the desired real world environment. 
A physically based model including the soil, plant and the atmosphere is 
naturally complex. For instance the transpiration depend on plants total 
leaf area, which of course depends on the plant growth, but the plant 
growth also depends on the photosynthesis which depends on the air 
humidity which on the other hand depends on the transpiration. These 
kinds of circular interrelationships between processes force a coupled 
model to solve the sub-models simultaneously. The complexity also calls 
for tools to calibrate data and to do uncertainty analysis, which is includ-
ed in the CoupModel. The core of the model is two coupled differential 
equations for water and heat flow that is solved with an explicit numeri-
cal method. The assumptions behind these equations are the law of con-
servations of mass and energy and that flows are governed by the gradi-
ent of water potential, according to Darcy’s law, and temperature, 
according to Fourier’s law (Jansson & Karlberg, 2010).  
The soil-plant-atmosphere system with the major processes is showed in 
Fig.13, while the conceptual model of water and heat flows and reser-
voirs in CoupModel are showed in Fig.14. This thesis has used following 
major sub-models coupled to represent the study area (equations and pa-
rameters used are listed in Appendix 1) (Ibid): 
• Evaporation is estimated by a surface energy balance approach. 

The models solves the energy balance explicit and iteratively at the 
soil surface to estimate the soil evaporation. The incoming net radia-
tion from the sun (incoming energy) should equal the latent heat flux 
and the sensible heat flux from surface to atmosphere and the heat 
flux from surface down into the soil. 

• Heat flow equation according to Fourier’s law combined with the 
law of conservation of energy determines the temperature in a given 
layer of the soil. 

• Water flow is estimated by Richard’s equation. The plants have 
their root system in the vadose zone, thus the flow has to be calculat-
ed for the unsaturated conditions. Richard’s equation is a modifica-
tion of Darcy’s law for hydraulic conductivity to adapt to the unsatu-
rated conditions. 

• Plant water uptake is governed by a simple pressure response 
model where the water uptake depends on the plant available water, 
i.e. water content above the permanent wilting point, and is consid-
ered to be a fraction of the atmospheric demand of water (evapora-
tion being the other part). 

• The potential evapotranspiration is estimated with Penman-
Monteith empirical equation. The potential evapotranspiration 
builds the framework for the actual evapotranspiration. 

• Plant growth is estimated according to Farquhar’s biochemical 
growth model. The model calculates the photosynthesis by using ac-
counting the plants demand of CO2 and the available CO2. The mod-
el solves three equations simultaneously and uses the most limiting 
equation for each calculation step. The growth is limited by the avail-
able nitrogen, carbon, water and radiation, but has also feedback 
mechanisms included for air humidity and leaf temperature. 

In order to find how the plant growth responds to the applied amount of 
water, other responses that may affect the water uptake was reduced or 
neglected. The plant is assumed to have a constant fixed supply of nutri-
ents, salinity stress is neglected. The optimum temperature for photosyn-
thesis is high for maize plants (15-37 °C), although the temperature oc-
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casionally rises above the thresholds and cause some reduction in photo-
synthesis for the warmer zones. 
The output modelled bio data was given in gram carbon (gC) and was 
converted to kilogram of biomass at 12.5 % moisture content, assuming 
that maize biomass consists of 45 % carbon (Latshaw 1924). This was 
done to facilitate for the reader to compare the modelled data with 
FAOstats and the Triple Green Projects field data. 

  
Fig . 13. The system 
of soil-plant-
atmosphere with the 
major processes that 
drives the system. 

Fig . 14. Conceptual model of CoupModel for both water and 
heat transfer. The unnamed boxes are layers in the soil profile. 
Source: Jansson & Karlberg 2010. 
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 Calibration 2.3.2.
The model calibration was done with data from 2013, the year when abi-
otic and biotic parameters have been measured in field (Table 3). For the 
calibration of the plant growth, the field measurements with full treat-
ment (CT+SI+PS) were used assuming them to represent a plant grow-
ing with limited stress constraints. In the initial step, the numerical mod-
els that can be coupled together in order to obtain output that are of 
interest for the study were selected. Thereafter, a simple sensitivity analy-
sis was done where the coupled model was run with changes in single 
parameters in order to see how the model reacts. Also different models 
that could be used to render the same output were sometimes tested to 
see how the results differed. The main sub-models that were chosen and 
drive the coupled model in this study are described above in section 
Model theory and conceptual model.  
Firstly a soil model was compared with respect to the measured run-off, 
soil moisture and soil temperature using independent estimated range of 
14 parameters selected from the sensitivity analysis (Appendix 2).  A 
Monte Carlo simulation was done with 10000 simulations where the se-
lected parameters were set to a range according to literature values, 
measurements or by a wide range if not available. The method used to 
determine the parameter values is the Generalized Likelihood Uncertain-
ty Estimation (GLUE) introduced by Beven and Binley (1992). The 
Monte Carlo was evaluated by applying performance criteria to select the 
best runs (Table 3). The performance criteria were given as ranges of the 
simulations mean error, ME, or as a minimum limit of the coefficient of 
determination, r2. Patterns in the frequency distribution of the parameter 
were evaluated for the accepted runs and, if appropriate, the parameter 
range was narrowed down to a new range. 
A second Monte Carlo simulation with 10000 runs was then performed 
to target the plant growth using independent estimated range of 14 other 
parameters selected from the sensitivity analysis (Appendix 2). This time 
validation was done against measured LAI, plant height, surface cover, 
harvested biomass and grain yield (Table 3). Initially, emphasize were put 
on grain yield, why the narrow range forced to call off some of the other 
validation parameters, such as canopy height and biomass above ground. 
However, a bug in the software was detected. Instead of using the bio-
mass and grain yield from 2013 harvest data, it used the data from 2012 
for validation. Correcting the mistake, the grain yield was constantly to 
low. Instead, the calibration procedure continued with only the physical 
plant properties instead. This was done since they included more data 
points than the grain yield which makes it possible to catch the dynamics 
in the plant growth that finally leads to the harvest data. Some parame-
ters are determined as fixed according to the notifications in field, e.g. 
the growth stages such as plant emergence, vege- 
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tation stage, grain filling stage and when the plant is mature. The final 
parameters are listed in table in Appendix 1 with a comment if the pa-
rameter is assumed, calibrated, measured or given from other studies. 

 Irrigation response modelling 2.3.3.
With a calibrated soil and plant representing the field conditions and 
with above described field management adjustments, the model was used 
for simulations to quantify the amount of water needed for irrigation 
under different climates. Since the modelling was performed to find out 
the potential of irrigation for the area, the water available for irrigation 
was assumed to be unlimited. In order to get at least a moderately effi-
cient configuration of irrigation system, some assumptions were made 
for the field managements. The model assumed fields with furrows, were 
the irrigation water was applied directly to the furrows (avoiding inter-
ception) and thereafter infiltrated evenly distributed to the first 10 cm of 
soil (due to the furrows). The irrigation system was assumed to be able 
to irrigate over a long time with a low irrigation rate of 50 mm/day. This 
was done to eliminate the risk of run-off from the irrigation. To reduce 
soil evaporation, the soil was also assumed to be mulched with straws by 
assuming that 50 % of the area was covered with something impermea-
ble. This should resemble a low-flow irrigation system that applies the 
water on the surface and can be used for row crops. The supplemental 
irrigation was set to occur during the plant growth every time the total 
amount of water in the first 0.5 m of soil dropped to a certain level. This 
conditions were then used to find the optimum of how much to irrigate 
and when to irrigate and then finally to see the different irrigation re-
quirements and use efficiency for each of the climate scenario. 
Modelling 1: Optimization of irrigation  
In the first part of the simulations, the climate data from transect zone 6 
(Fig. 7 and Table 2) was used to optimize a) the maximum amount of 
water used at each irrigation and b) the minimum water content at the 
top 0.5 m soil depth that starts a new irrigation. Transect zone 6 was 
used to ensure the real need of irrigation during the simulations. The 
other areas are assumed to show the same patterns for optimum results. 
If the accepted minimum water content is set to a higher level, more irri-
gation is required but the yield could potentially increase due to a lower 
water stress. 100 simulations were done with combinations of 0-90 mm 
of maximum amount of water per irrigation occasion and 50-140 mm as 
minimum water in the top soil (equals to 10-28% water content). How-
ever, it was discovered that the model was built in such a way that the ir-
rigation was forced to stop at midnight every day. This means that the 

Table 3. The measured parameters that are used as validation files for the  
calibration of the soil and the plant with their performance criteria. 
Calibration Validation parameter Type of data Measurement 

period (2013) 
# of 
records 

ME  
min 

ME 
max 

Soil Soil moisture 30 cm (%) Continuous  14/8 – 19/12 3050 -4  4 

Soil Soil moisture 60 cm (%) Continuous  14/8 – 19/12 3050 -4 4 

Soil Soil temperature 30 cm (°C) Continuous  14/8 – 19/12 3050 -2 2 

Soil Soil temperature 60 cm (°C) Continuous  14/8 – 19/12 3050 -8 -4 

Plant Canopy height (m) Point  9/8 – 15/9 4 - - 

Plant Surface coverage (%) Point  9/8 – 30/8 3 -0.2 0.2 

Plant Lead Area Index (m2/ m2) Point  15/8 – 3/12 6 -1 1 

Plant Above ground biomass (gC/m2) Point  3/12 2012 and 
2013 2 -20 40 

Plant Grain yield (gC/m2) Point  3/12 2012 and 
2013 2 -5 5 
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maximum amount of water irrigated at one event was 50 mm, thus the 
simulations actually should give the same irrigation amount from 50 -
90 mm.  Therefore, the result figures should be seen from this perspec-
tive.  
The optimum irrigation scheme was selected by evaluating the mean 
harvested biomass per year, the smallest harvest of biomass for the 
30 year, the accumulated amount of irrigated water, number of irriga-
tions per year, harvested biomass per unit irrigated water, the smallest 
harvested biomass per unit irrigated water, the water response and finally 
the standard deviation of the biomass. Mean biomass was used to indi-
cate when the highest yields was obtained, minimum biomass was used 
to see when the poor harvest years were eliminated, the accumulated wa-
ter use showed where less water was used, number of irrigation to see 
when this was minimized, the ratios to see when the water was used in 
an efficient way, the response to see if the biomass results were due to 
water stress and the standard deviation to see when the variation in bio-
mass production was reduced. 
Modelling 2: Irrigation water requirement and use efficiency for climate scenarios 
In the second part of the simulations, the optimum values from previous 
optimization of minimum amount of water in soil and water amount per 
irrigation were used for all the climate scenarios. Simulations are done 
with climate data from the six transect zones and over the 30-years peri-
od 1980-2009 (Table 2). For each of the climate zones, four simulations 
was performed; two simulation for the rain season with plant growth be-
tween 1st of July and 1st of November with and without irrigation and 
two simulations with plant growth from 1st April to 1st October with and 
without irrigation. For the latter two simulations, some of the rain events 
from the ‘small’ rain season were covered and the plant growth then 
continues over the dry spell to the end of the rain season (Fig. 8). Out-
puts from the modelling that are presented in the results are mean, min-
imum and maximum biomass, the yearly requirement of irrigation water, 
number of irrigations, the water use efficiency defined as above ground 
biomass per unit transpired water and the irrigation efficiency defined as 
the difference in biomass between irrigated and non-irrigated scenarios 
in absolute values per unit irrigated water.  

2.4. Field analysis: Correlation and multiple regression analysis 
The data analysed are the Triple Green project’s maize harvesting data. 
Correlation and regression analyses were done in MATLAB with the 
three treatments as explanatory variables: tillage method, supplementary 
irrigation and productive sanitation. The two years of harvest was ana-
lysed separately in order to see the variation between the years. 
Since the production differed a lot between the blocks, the measured 
grain yield production (kg/ha) from a plot in one block was divided with 
the control plot (TT, no SI and no PS) from the same block. Thereby, 
the yield was relative its own assumed ‘homogenous’ area and the data 
can be used as a global model of the site. Best result was attained with a 
normal regression model as showed below: 

1 1 2 2 3 3y x x xα β β β ε= + + + +   

Where y  is the grain yield increase relative control plot, α and nβ  are 

parameters (α neglected since equation should start at 0), nx  are the 
explanatory variables and ε is the assumed normally distributed error. 
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The explanatory variables nx  are dummy variables corresponding to the 
field treatments (Table 4). 
The performance index coefficient of determination ( 2R ) significance 
level and the root mean square error ( RMSE ) were used to evaluate the 
results together with plots with observed and predicted data. 
 
Table 4. Dummy variables for tillage, irrigation and productive 
sanitation in regression analysis. 

Parameter Variable Value = 0 Value = 1 

Tillage  x1 TT CT 

Irrigation x2 No irrigation SI 

Productive sanitation x3 No Urine PS 

 

2.5. Interviews 
In order to follow up farmers’ perception of supplementary irrigation of 
cereals with harvested rain water, the farmers that participate in the pro-
ject Triple Green and owned their own pond (nine famers) was inter-
viewed. These interviews aimed to identify key practical issues in the 
practice of supplementary irrigation of cereals. They were conducted as a 
respondent interview survey (Esaiasson et al 2005). All the background 
information regarding the farmers and a greater part of the other ques-
tions are data given from another field study regarding farmers’ concep-
tion of rain water harvesting, conducted by Serkalem (forthcoming M.Sc. 
publication). The additional questions were written in English (Appen-
dix 3). Then the development agent (DA) in the village was used as a test 
person to see if he understood the questions. Once it was settled that the 
DA fully understood the questions, he interviewed the farmers by asking 
the questions in Amharic and writing down the answers in English. 
The survey questionnaire has been revised by a person with competence 
of structuring surveys and was tested on three Ethiopian citizen, two 
master students and one development agent in the village. The questions 
were constructed in line with the advices in Metodpraktikan (Esaiasson et 
al 2005) with the aim to be easy to understand, using short, straight-
forward questions without negations. The main deviation from the ad-
vices was that the respondents had to give answer of how well they 
agreed with different statements in terms such as “fully agree with the 
statement” up to “do not agree with the statement at all”. According to 
the literature, respondents tend to agree with statements, especially if re-
spondents with lower education level (Ibid). However the thought was 
that the questions hardly could give the feeling of a “right” and is more 
about the subjective thoughts of risk with the RWH ponds; thus the an-
swers were kept in that way. 

3. RESULTS 
3.1. Field measurements 

 Meteorological data 3.1.1.
The weather during the growing season year 2012 was both warmer with 
more global radiation as well as rainier than in 2013 (Table 5). The rain 
seasona mainly ranges from June to October (Fig. 15). 
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 Soil data 3.1.2.
Soil texture 
The soil profile showed small difference between an upper and lower 
horizon and was classified as a Sandy loam according to the USDA soil 
classification system (Fig. 3) (USDA:s website). All blocks considered, 
the soil texture ranged from 61-76 % of sand in the upper horizon and 
58-76 % for the lower horizon (Fig. 16). 
Porosity, permanent wilting point and field capacity 
The soil water retention curve from field capacity to permanent wilting 
point showed that the fields had soil water characteristics ranging from 
sandy loams to clay (Table 6). The mean values were close to literature 
values of silty loam (Tuller & Or 2003). 
Infiltration, saturated hydraulic conductivity and run-off 
The estimated hydraulic conductivity showed values in a range from 5- 
844 mm/day with differences both between the blocks, but also within a 
block (Table 7). Block 5 deviates from the other with a lower conductivi-
ty. The MSE was also higher for block 5 since the test did not reach 
steady-state for the infiltration even after two hours, indicating that the 
conductivity is even lower.  
The surface run-off from TT plots was almost double the amount com-
pared to CT and was larger at each observation time (Fig. 18). However, 
the ratio becomes even higher after really intense rain events. 

Table 5. Typical climate data from Triple Green Project in Bolo 
Silasie. 2012 years data are from April-November while 2013 data 
are from February-December. 
Data 2012 2013 Unit 

Mean Air temperature 20.3 19.9  °C 

Total Precipitation 767 691 Mm 

Mean Wind speed 1.5 1.3 m/s 

Mean Global radiation 21.4 19.7 MJ/day,m2 

Mean Relative humidity 66 67 % 

Table 6. Soil water characteristics as water content g iven as min, 
mean and max values at different matric potentials. 
 Water content (-) 

 Min Mean Max 

Saturated conditions 0.35 0.48 0.55 

Field Capacity (0.3 Mpa) 0.24 0.30 0.40 

Permanent wilting point (15 Mpa) 0.10 0.17 0.24 

Fig. 15. Precipitation over the two seasons. 
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Table 7. Saturated hydraulic conductivity of the field blocks.  
Block Mean 

(mm/day) 
Std dev 

(mm/day) 
 

1 583 262  
2 482 39  
3 500 204  
4 406 47  
5 60 55  

Soil moisture and temperature 
Both soil temperature and moisture were generally higher at 60 cm 
depth, while the fluctuations were higher at 30 cm depth (Fig 19). The 
moisture content started to decline with less fluctuation from middle of 
September. 

 

Fig . 16. Soil texture for the five blocks in field for horizon 0-30 cm 
(top) and 30-60 cm (bottom) (Fig . 3 for location). 
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Table 8. Biomass and grain yield from the Triple Green Project’s maize harvest in 
2012 and 2013 in kg/ha. The values are in order of 2012 harvest, lowest to the left. 
(kg/ha) Year TT TT+SI CT+SI CT TT+U TT+SI+U CT+U CT+SI+U 

Biomass 
2012 2670 2881 2901 3286 3380 3704 3714 3988 

2013 5513 5734 5792 5556 7452 7605 7596 7705 

Grain 
yield 

2012 1350 1498 1715 1743 1835 1961 2269 2456 

2013 3343 3588 3833 3517 4429 4722 4568 4923 

Fig. 18. Surface runoff from CT and TT treated plots related to the precipitation. 

Fig . 19. Soil moisture and temperature at 30 and 60 cm depth. 
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 Plant data 3.1.3.
The measured canopy height started from 0.8 m and the highest canopy 
reached 2.3 m (Fig. 20). There was a clear difference in the measure-
ments between the plots that were treated with PS and the others, where 
the PS plots ended up around 2.2 m and the other around 1.8 m. 20 % 
of the soil surface was covered by the plants at the first measurements 
and three weeks later the leafs developed and covered between 45-80 % 
(Fig. 21). One measurement (CT+SI+U) was deviating a lot from the 
rest by a reduced coverage over time. The LAI started from around 0.5 
and increased quickly during two weeks to 2-3 and then changed slowly 
to end up in December between 2-4 (Fig. 22). Interestingly, the plants 
that developed slower during August, ended up with the highest LAI in 
December, while some of the plant that developed fast in August actual-
ly lost in LAI until December. Both the yield and the harvested biomass 
from 2013 were around double the ones from 2012 (Table 8). The 2012 
yield was 82 % higher and the biomass 49 % for the plots with all treat-
ments (CT, SI and PS) compared to the control plots (TT). The increase 
is 47 % for the yield and 40 % for the biomass in 2013. 

Fig . 21. Ratio of the surface covered by the plant, if looked from above, for the 
eight different combinations of treatments.  
TT = traditional tillage, CT = conservation tillage, PS = productive sanitation and 
SI = supplemental irrigation. 

Fig . 20. Canopy height for the eight different combinations of treatments. TT = 
traditional tillage, CT = conservation tillage, PS = productive sanitation and SI = 
supplemental irrigation. 
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3.2. Model 
 Calibration results 3.2.1.
Some physical soil properties were successfully constrained using the soil 
moisture and temperature:  A non-uniform frequency distribution re-
vealed a relationship between the parameter and the performance of the 
model (Appendix 4). Clearly the hydraulic conductivity 30 cm below the 
surface gave better fit to measurements if set lower than 100 mm/day. 
Also Equil Adjust Psi showed some peak, while remaining showed 
equifinality. With the chosen criteria, the simulated values of the temper-
ature fluctuated more than the measured for both temperature and soil at 
both 30 and 60 cm depth (30 cm presented in Fig. 23). Although ampli-
tudes were deviating, the variance was quite well represented for the soil 
moisture. The simulations did not catch the larger trends of the soil tem-
perature, while the diurnal fluctuations were well represented. Only the 
parameters EquilAdjustPsi, Total Conductivity and Matrix conductivity 
were revised after the calibration (Appendix 2). 
The second Monte Carlo calibration targeting the plant growth dynamics 
gave new ranges for the parameters that showed a clear peak of well per-
forming values. This included the potential maximum capacity of Ru-
bisco for photosynthesis (Vcmax) the respiration coefficient for grain 
(MCoefGrain) the maximum surface cover (Max Cover), the leaf area per 
produced carbon (Specific Leaf Area) and the ratio between biomass and 
plant height (HeightMassCoef) (Appendix 2).  
It was not possible to capture the dynamics of the LAI and the canopy 
height at the same time with the chosen parameters. Either the canopy 
height had to be chosen or the LAI in order to find some accepted pa-
rameter ranges. The LAI was considered to be of more importance for 
the transpiration and photosynthesis, thus it was chosen. Since the yield 
was not possible to capture, the final calibrated plant neglected carbon 
allocation to the grain. Therefore the model only simulated the plant 
growth until the grain filling stage and the model plant could therefore 
be considered to have general C4 plant growth characteristics when it 
comes to how to develop leaf, stem and roots. The outcome from the 
modelling was then focused on the general above ground biomass with-
out caring for whether the biomass consists of grains or not. Final values 
for the parameters used in the model are listed in Appendix 1. 

Fig . 22. Leaf Area Index for the eight different combinations of treatments.  
TT = traditional tillage, CT = conservation tillage, PS= productive sanitation and 
SI = supplemental irrigation. 
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 Results from irrigation response modelling 3.2.2.
Modelling 1: Optimization of irrigation scheme 
The modelling results that are used to optimize the irrigation scheme are 
statistics of 30 years simulations with climate data from transect zone 6. 
All figures present the ouput as 3D surface with the two varying parame-
ters that are evaluated on the X and Y axis. The mean biomass increased 
with higher minimum water content in the soil (Fig. 24).  This was also 
true for the smallest harvested biomass over the 30 years, where a plat-
eau was visible around 20 % water content (Appendix 5). The amount of 
irrigated water did not affect the outcome. The accumulated use of water 
increased with higher min soil water content, but decreased with higher 
water amount per irrigation (Fig. 25). The number of irrigations stressed 
the same pattern with more irrigation with higher min water content and 
if only small amounts of water was applied each time (Appendix 5). The 
modified irrigation use efficiency clearly gave higher values for the min 
harvested biomass if the min water content was above 20 % and large 
amounts was applied each time (Fig 26). The modification is that use ef-
ficiency is defined as the minimum harvest during the 30-years period 
divided by the yearly mean irrigation use. Same pattern was true for the 
mean biomass per unit irrigated water (Appendix 5). The water response 
showed that the increase in biomass correlates with how stressed the 
plant is due to reduced plant available water (Appendix 5). The standard 
deviation of biomass was dramatically reduced with min water content 
above 20 % (Appendix 5). Optimum irrigation scheme that was used for 
the climate variation modelling was with a min water content set to 20 % 
at the top 0.5 m soil and with 50 mm of water irrigated at every occasion. 
Modelling 2: Irrigation water requirement and use efficiency for climate scenarios 
The difference in produced biomass increased towards the drier and 
warmer climates, although the highest yields were produced in the cooler 
areas (Fig. 27). When no irrigation was applied, the lowest areal yields 
over the 30 years was 1776 kg/ha for transect zone 1 (57 % of mean are-
al yield), 256 kg/ha for transect zone 2 and were equal to complete crop 
failure (>50 kg/ha) for transect zones 3-6. The inter-annual variability 
was reduced down below 10 % of the mean areal yield for all transect 
zones when irrigation was applied. 

Fig . 23. Soil temperature and moisture at 30 cm depth with measured values in 
red and range of simulated in grey, dark grey are the average simulated values. 
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Fig . 24. The modelled mean areal yield for the years 1980-2009 
with respect to the minimum water content in the top 0.5 m soil 
and the amount of water used per irrigation. 
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Fig. 25. The modelled accumulated use of water for irrigation 
during the years 1980-2009. 

Fig. 26. A modified mean irrigation use efficiency during the 
years 1980-2009.  
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More irrigation water was required with an increased temperature and 
with lower precipitation (Table 9 and 10). Both the transpiration and soil 
evaporation increased with warmer climate, while the produced biomass 
decreased. A larger ratio of the water was used for transpiration when ir-
rigation was applied (Fig. 28). More water was required for the scenario 
where the two rain periods were bridged, apart from transect zone 1. 
The water use efficiency, as biomass above ground per unit of transpired 
water, decreased with warmer climate. The irrigation use efficiency, here 
defined as the absolute difference between irrigated and non-irrigated 
biomass per unit of irrigated water, increased towards the warmer zones 
if applied only during and after the rain season (1st July-1st November). 
For the grow season 1st April-1st October, the irrigation use efficiency 
was clearly higher for transect zone 1 where less water is needed com-
pared to the other shorter period. The opposite was true for transect 
zone 2-6. 

Table 9. Yearly mean values of water balance and harvested biomass from plant growth 
simulations with the normal growth season 1st July-1st November (123 days) during the 
period 1980-2009 for the six transect zones. 
  Transect zone 

 Unit 1 2 3 4 5 6 

Precipitation mm/year 971 830 779 674 604 323 

Irrigation mm/year 235 405 512 593 664 790 

Total runoff mm/year 197 77 42 26 21 10 

Soil evaporation mm/year 730 771 802 779 782 662 

Transpiration mm/year 292 399 459 476 479 453 

# of irrigations /year (min-max) 7 (1-10) 12 (7-17) 15 (9-20) 17 (13-22) 20 (14-23 23 (18-27) 

Biomass, rain-fed kg/ha 3091 1613 995 672 457 54 

Biomass, irrigated kg/ha 3145 2715 2366 2258 2258 2151 

Biomass, irrigated gC/m2 117 101 88 84 84 80 

Water Use Eff. gC/mm (tran-
spired) 1.20 0.85 0.68 0.60 0.57 0.54 

Irrigation Eff. gC/mm (irrigated) 0.08 0.09 0.09 0.10 0.10 0.10 

Fig. 27. The mean (bar height), min and max (lower and higher 
end of black range) areal yield for the six transect zones during 
the period 1980-2009. The brown bars represent rain-fed  
simulations and blue bars the corresponding irrigation 
simulations.  
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Table 10. Mean values from plant growth simulations with the hypothetical growth season 
1st April-1st October (183 days) which connects the two yearly periods of rain during the 
period 1980-2009 for the six transect zones. 
  Transect zone 

 Unit 1 2 3 4 5 6 

Precipitation mm/year 971 830 779 675 604 324 

Irrigation mm/year 224 614 867 1185 1395 1686 

# of irrigations /year (min-max) 7 (3-14)  18 (11-
27) 

26 (19-
33) 

35 (24-
40) 

41 (32-
46) 

50 (40-
54) 

Biomass, rain-fed kg/ha 2661 1720 1075 699 403 54 

Biomass, irrigated kg/ha 3844 3038 2554 2392 2366 2231 

Biomass, irrigated gC/m2 143 113 95 89 88 83 

Water Use Eff. gC/mm (tran-
spired) 1.50 0.94 0.68 0.53 0.47 0.41 

Irrigation Eff. gC/mm (irrigat-
ed) 0.13 0.09 0.07 0.05 0.05 0.05 

 

3.3. Field analysis 
 Results from correlation analysis 3.3.1.
A correlation was obtained between the application of CT and grain yield 
for both years in field, although the correlation was low for 2013 (Ta-
ble 11). The correlation was very clear between PS application and the 
grain yield for both years while only for 2013 for SI application. 

 

Fig . 28. Top: The above ground biomass for transect zone 1 (left) and 5 (right) 
during three years of irrigated (blue) and rain-fed (green) plant growth. Bottom: 
Accumulated soil evaporation and transpiration (solid lines) and accumulated soil 
evaporation (dashed line) for irrigated (blue) and rain-fed (green) plant growth. 
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 Results from regression analysis 3.3.2.
The results from the regression analysis are given separately for the two 
years. The equations are linear where the grain yield increases in percent 
compared to a field where traditional tillage is practiced, no supplemental 
irrigation is practiced and no productive sanitation is applied. Following 
equation rendered best performance index for the harvest data from 
2012: 

𝑮𝑮𝑮𝑮𝑮 𝒚𝑮𝒚𝒚𝒚 (% 𝑮𝒚𝒚𝑮𝒓𝑮𝒓𝒚 𝑻𝑻) =  𝟐𝟐 ∙ 𝑪𝑻 +  𝟏𝟏 ∙ 𝑺𝑺 +  𝟓𝟓 ∙ 𝑷𝑺 

The significance level should be interpreted as the explanatory variable is 
giving a positive increase in grain yield with that significance level, i.e. the 
variables coefficient is significantly positive (Table 12). The significance 
level was only valid for CT and PS. SI had a level of significance = 70% 
(not valid). Good significance and a clear increase in yield were obtained 
with CT and PS applied. The performance index R2 and RMSE were ra-
ther poor (Table 13). This was explained by the fact that Block 4 deviates 
a lot from the other blocks in terms of yield relative control area (Ap-
pendix 6). 
Following equation rendered best performance index for the harvest data 
from 2013 

𝑮𝑮𝑮𝑮𝑮 𝒚𝑮𝒚𝒚𝒚 (% 𝑮𝒚𝒚𝑮𝒓𝑮𝒓𝒚 𝑻𝑻)  =  𝟔 ∙ 𝑪𝑻 +  𝟐 ∙ 𝑺𝑺 +  𝟑𝟑 ∙ 𝑷𝑺 

The significance level was true for all three treatments (Table 13). The 
other performance indexes also showed that the modelled grain yield was 
much closer to the measured values (Table 12). However, the relative in-
crease in grain yield was lower for all the treatments. Especially the im-
pact of tillage was reduced compared to year 2012. 

 
 
 
 
 
 

   
Table 13. The significance level at 95 % for the treatments at the 
different periods. 

 2012 2013 

Treatment Min Max Min Max 

CT 0.2 58 1.7 11 

SI -19 39 4.5 13 

PS 26 84 28 37 

Table 11. Correlation analysis between explanatory dummy 
variables and the dependent variable grain yield. 

 Grain yield 2012 Grain yield 2013 

CT 0.27 0.17 

SI 0.09 0.24 

U 0.52 0.89 

Table 12. Perfomance indices for multiple regression analysis for 
2012. 

Year Observations Significance level R2 RMSE 

2012 40 > 70%* 0.36 43 % 

2013 40 > 95% 0.87 6.5 % 

* Significance level for SI, for CT and PS the significance level is > 95% 
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3.4. Interviews 
 Farmers’ background and living conditions 3.4.1.
Eight of nine farmers were men and all farmers were illiterate except one 
who studied for less than four years. The age ranged from 25-60 and the 
average household consisted of 5 family members. None of the farmers 
were considered to be relatively poor, since all were either able to pay 
back the bank credits for purchasing fertilizers or had enough money to 
buy fertilizer without credits. The size of the farmers’ land ranged from 
0.5-2.25 hectares. The two farmers with largest land were also the one 
who were able to purchase fertilizer by own means. The farmers own 
experience of farming ranged from 10 to 40 years, they have moreover 
lived in a farmer’s context for their whole life (Serkalem, forthcoming 
publication). 

 Farmers’ usage of the pond 3.4.2.
In cases the data cannot be derived from the questionnaire appended to 
this report (Appendix 3) the data is given from a forthcoming publil-
cation by Serkalem, MSc student at Hawassa University. All the farmers 
except one own their own ponds. The farmer that does not own a pond 
uses the pond owned by the Kabele2. The reason for building a pond 
was in all cases the insufficient amount of rain and lack of surface water. 
All except for one respondent constructed their own dam. They had to 
use the water to irrigate one type of cereal within the project; three farm-
ers irrigated wheat, four irrigated teff and two used the water to irrigate 
maize. Apart from this cereal they used the water for other purposes. 
Seven farmers also used the water to irrigate onions (Fig. 29). One of the 
farmers with wheat fields and one of the farmers with maize fields used 
the water to irrigate other fields with the same type of cereals. Two 
farmers used the water for growing gesho3. Seven of the farmers also 
used the water for watering their livestock. Seven of the farmers irrigated 
their crops with one day interval if no rain appeared. These farmers used 
sprinkler as irrigation equipment. The remaining two farmers used jerri-
cans as equipment and irrigated with two and three days interval respec-
tively if no rain appeared. One of the farmers used a pedal pump in or-
der to easier allocate the ponded water to the fields. The mean shortest 
distance from pond to the farmers’ field was 35 m where the maximum 
shortest distance was 150 m.  

 Farmers’ perception of the use of RWH ponds and supplemental irri-3.4.3.
gation 
All farmers thought that the supplementary irrigated crops showed supe-
rior characteristics compared to the non-irrigated crops in terms of yield, 
growth and color. However, they all thought it would be more profitable 
to use the harvested water to fully irrigate high valued crops during the 
dry season instead of using the water for supplementary irrigation during 
the rainy season. On the question of how to make the supplementary ir-
rigation more efficient and attractive, the farmers respond uniformly that 
other plant species should be planted just next to the pond. If any plants 
were specified the farmers mentioned fruits and vegetables.  

                                                      
2 The smallest Ethiopian governmental district level, normally including a village with surroundings 
3 ingredient to produce the locally very popular drink ‘tella’ 
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One farmer did not understand the question. When the respondents 
were asked for what purposes they would use the pond if they thought 
of their own interest, they answered that livestock watering was definitely 
of the greatest interest followed by irrigation of seedling before the rain 
season starts and then vegetables (Fig. 30). No one wanted to use it for 
drinking purposes and all had a ‘very low’ or ‘low’ interest of using it as 
supplementary irrigation for cereals. The respondents had to value dif-
ferent concerns with owning a pond and to use it for irrigation purposes. 
The statements they had to consider are listed in Table 15 and the re-
sponse are followed in Fig. 31. Only one farmer was concerned of the 
potential risk for the pond to breed mosquitos with malaria. Of greatest 
concern was the risk of having the geomembrane stolen during the dry 
season, followed by the concern that the supplementary irrigation re-
quired too heavy work load. Some of the farmers also had concerns of 
having the water easily stolen by someone else, as well as for the work 
load to maintain the geomembrane and for the cost of the maintenance. 
 

 

Fig . 30. What the farmers mainly want to use the ponded water 
for. 

Fig. 29. Crops that are irrigated additional to the project’s cereal 
fields. 
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Table 15. Statements to which the farmers had to judged their level of concern. 
Q6.1 “ The pond risk breeding  mosquitos with malaria ” 

Q6.2 “ The pond water could be used for economically better purposes than cereals“ 

Q6.3 “ The irrigation of cereals is too time consuming ” 

Q6.4 “ Someone else could steal the water easily “ 

Q6.5 “ The maintenance of the pond and geomembrane cost too much money ”  

Q6.6 “ The maintenance of the pond and geomembrane requires too heavy work load ” 

Q6.7 “ The irrigation procedure requires too heavy work load ” 

Q6.8 “There is a high risk the geomembrane gets stolen” 

 
4. ANALYSIS AND DISCUSSION 

4.1. Field measurements 
The 2012 years climate data from the field site in Bolo Silasie was only 
measured during the growing season and cannot be directly compared to 
the EU-WATCH climate data from the region. The field site is located 
close to transect zone 2.  Assuming that the within year rain variability 
for the transect zones is valid for the field site as well, the total precipita-
tion was probably higher for 2012 (767 mm for June-December) and 
lower for 2013 (691 mm/year) compared to the region average (789 
mm/year) over the years 1979-2009 (Table 2 and 5). The opposite is true 
for the global radiation where 2012 had a radiation almost equal to the 
warmest transect zones (5 and 6) and the 2013 was more similar to tran-
sect zone 2. The wind speed was generally lower for both years com-
pared to all the transect zones. This might be explained by the fact that 
wind speed can have a local variation and varies with the placement of 
the weather station. The temperatures for both years were between the 
temperatures of transect zone 1 and 2. 
The soil texture analysis showed that the variation between the farmers’ 
fields were higher than the variation with depth (negligible) and under-
lined the heterogeneity of the soil already within such a small area. The 
measured range of permanent wilting point, field capacity and porosity 
covered the general water characteristics for everything between sandy 
loam and clay, also emphasizing the spatial variability. The saturated hy-
draulic conductivity values ranged from 5-844 mm/day and were con-

Fig . 31. How well the farmers agree with the concern 
statements in table 15. 
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sistent with the soil texture analysis, where the soils with more clay gave 
lower conductivity. The surface run-off from plots with CT was only 
55 % of the run-off from TT plots, which indicates that much more of 
the rain infiltrated when CT was applied. The soil moisture and tempera-
ture varied with the measured precipitation which indicates that the me-
ters responded properly to the soil conditions. 
The physical plant characteristics for 2013 were generally in line with the 
harvested biomass for the different treatment. It was difficult to find any 
patterns in the characteristics due to SI or CT, instead the clearest pat-
tern was linked to if PS was applied or not. Canopy height, LAI and sur-
face coverage all had higher values for the plots with PS applied. This 
was also reflected in the output harvested biomass, were the areal yields 
were significantly higher for the plots with PS applied. 

4.2. Modelling 
 Calibration 4.2.1.
When values were applied to each of the calibrated parameters, adapted 
to given literature and measurement results, the model was finally set 
with some parameters that reproduced the grain yield in very significant 
way. By changing the input of nitrogen through PS (to see how well the 
model responded to nitrogen input), the model clearly gave very good 
results. The model was spot on the gram carbon produced with PS and 
only 2 gram above the mean measured yield without PS. However, due 
to a bug in the software, the grain yield data used for the calibration was 
from 2012 while the driving variables and other validation data were 
from 2013! After a revision of the opportunities of making things right, 
the validation data was manipulated to give the 2013 years data. By doing 
so, none of the simulations were able to produce the right amount of 
grain yield (the results were well below), while the right amount of above 
ground biomass was rather well captured. While all the plant physical 
properties were showing generally to high values, all the yields were low-
er. 
Due to the errors in calibration and the conclusions drawn from these 
errors, the methodology was somewhat revised. Instead of simulating the 
sensitivity of the treatment of the exactly calibrated maize plant from the 
field experiment, the plant will instead be a more general crop plant. This 
could also be seen as a strength, as the model then uses more general C4 
plant properties and does not risk reproduce some site-specific errors. In 
that way the methodology has more of an implicit character as the model 
and the field analysis stand on their own and tell something about how 
plants react on irrigation.  
The calibration procedure showed the risk of ‘overparametrisation’, i.e. 
when the model is calibrated or forced to fit single events (in this case 
the grain yield from one year) in such a way that it starts to deviate from 
what is known of for instance plant properties or soil conditions in gen-
eral. The model then slips over from being a biophysical-chemical model 
based on previous science to become more of an empirical black box 
model. In that case, a simple regression analysis accounting for climate 
variations could be a more useful tool than a complex coupled model. 

 Irrigation response modelling 4.2.2.
The results from Modelling 1: Optimization of irrigation scheme showed that 
higher water content in the ground (up to 30 % when saturated water 
content for the soil is 48 %) and more water used per irrigation gave 
more output biomass. It both increased the mean biomass that could be 
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harvested every year and especially the smallest harvest during the simu-
lated period was increased (Fig. 24 and Appendix 5). However, even if 
the model assumed that water is an unlimited resource, the aim was to 
find an efficient irrigation scheme to be used for the second part of the 
simulation. Therefore the irrigation use efficiency gave more interesting 
output values. The trend was clear that above 20 % minimum water con-
tent in the top 0.5 m soil with a large amount (50 mm) of water irrigated 
every time was the water efficient way to produce more biomass. By us-
ing more water every time the water content in the soil went below ac-
cepted, the number of irrigations reduced dramatically too (Appendix 5). 
This is especially of interest if no mechanized irrigation system is imple-
mented. However, the model setup limited the irrigation rate to 50 
mm/day and the the ongoing irrigation event was stopped at midnight. 
Therefore only 50 mm water per irrigation was the maximum amount 
used in the model and an optimum amount could not be determined 
(potentially higher than 50 mm). 
The results from Modelling 2: Irrigation water requirement and use efficiency for 
climate scenarios gave the clear results that irrigation improved the areal 
yield for all the transect zones. Moreover, the modelling showed that 
about the same amount of water, counting irrigation and precipitation, 
has been used for all six climates. However, the areal yield was still high-
er for the cooler climates. This can be directly linked to the temperature 
and the vapor pressure deficit, which also was higher towards the coast 
of Djibouti. Although the model was set to minimize the impact from 
vapor pressure deficit (by reducing the vapor pressure deficit response in 
Lohammar’s equation), the plant was still affected by temperature. With 
higher temperature, the plant used more energy as carbon for respiration 
which reduced the assimilation rate. The ratio between transpiration and 
soil evaporation increased towards the coast, which can be explained by 
the fact that a larger part of the input water came from irrigation, which 
means that a mere part of the input water was applied during the plant 
growth period when a large part of the surface is covered by leaves. The 
yearly accumulated non-productive water (evaporation and runoff) re-
mains higher than the accumulated transpiration in all the climates. 
Since the nutrient response was neglected in the model, the inter-annual 
variability of the areal yield produced by the model could only depend on 
the climate variables. With the use of irrigation, the results clearly 
showed that variability of the yield was dramatically reduced. For each of 
the transect zones, the annual areal yield only varied within 10 % of the 
transect zone’s mean areal yield. An interesting result was that transect 
zone 1 stands out as having a climate where irrigation was used more ef-
ficient if applied between the two annual rain periods. In fact, more bi-
omass was produced while less amount of water was used compared to 
the normal growth season. This was the case even though most of the 
small first rain period was not taking into account, since it normally starts 
already in February/March and the modelled growth season started from 
1st of April. If that is taken into consideration, the growth period could 
be even more prolonged. This was not true for the other climate zones, 
although irrigation between the rain periods might be promising for zone 
2 if the first rain period is taken into account. The within year rain pat-
tern was proved to be important to decide where and when irrigation 
should be applied.  
The model assumed that the plant needed water during the whole grow 
season, which was why the number of irrigations increased rapidly to-
wards the coast. With the used irrigation scheme, already the wettest cli-
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mate needed in average 7 irrigations per season (zone 1 for both growth 
periods), while the number of irrigation and amount of water used in-
creased almost linearly towards the coast (Table 8 and 9). If water should 
be applied at a low rate to avoid surface runoff, this results calls for 
mechanized irrigation systems. 
In terms of extra biomass produced per unit irrigated water, the most ef-
ficient irrigation was conducted in the climate of transect zone 1 if the 
growth season is prolonged to cover the two rain periods (0.13 gC/mm 
was produced). For the normal growth season (July-November), the wa-
ter was more efficient to use for irrigation in climate of transect zone 4-6 
(0.10 gC/mm). 

4.3. Field analysis 
The field analysis results showed that top dressing (fertilizing during the 
growth period) with PS has a great and significant (95% level) impact on 
the grain yield for maize production both years. The results for CT also 
proved to have a significantly (95%) positive impact on the maize pro-
duction both years. However, according to the results, SI had no signifi-
cant effect on the grain yield 2012. However, the results still indicated 
that supplementary irrigation can make a small contribution, which was 
showed in the second year. SI during the year 2012 was conducted with 
the wrong amount of water, 1 mm instead of 10 mm, which is very low 
and might explain the poor results. The equations from the regressions 
analysis were well in line with the observed values, especially for 2013. 
For 2012 the simulated results were also well in line with observed values 
apart from the results from block 4 (Appendix 6). Since the regression 
analysis systematically underestimated the difference between the control 
plot (TT) and the other plots in block 4, there was a reason to believe 
that the control plot have been specifically stunted for some reason, i.e. 
by insect attack. 
When the correlation analysis were done for the two years separately, the 
grain and biomass yield were well explained by the dummy variables used 
in the model. However, the difference between the two years harvest da-
ta was of a magnitude that erases the correlation between the yield and 
the explanation variables if analyzed together. The yield was, independ-
ent of treatment, consequently double for all the blocks in 2013 com-
pared to 2012. When the calibrated soil and a C4 plant were used in 
CoupModel, the meteorological data for the two seasons were not able 
to explain the difference either. Left as possible explanations are that a 
large increase of available nutrients was accumulated in the soil to year 
2013 or that the field management differed between the years. Other rea-
sons may be that uncontrolled things happened that reduced the growth 
during 2012, i.e. heavy rainfall that destroyed the plants (unlikely for 
maize) or that the plants have been stunted by animals or insects, or fi-
nally it could be explained by a systematically error in the harvest data 
measurements. 

4.4. Interviews 
The farmers’ current use of the RWH ponds in the area was very well re-
flected in the interviews with the Triple Green farmers. They wanted to 
continue with their main use of the ponds, namely for watering their 
livestock. After having used the RWH ponds for SI of cereals for one or 
two years, none of the farmers wanted to use the water to irrigate cereals. 
Instead, almost all of the farmers preferred to shift over to irrigation of 
cash crop seedlings or to use the water to grow vegetables and fruit trees. 
This could not only be explained by the problems farmers said they were 
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facing with SI. Even if some of them thought that SI was too time con-
suming and required too heavy work load, it did not reflect the whole in-
terview group’s concerns. A clear pattern was that most farmers were 
concerned of having their geomembranes stolen, which at the time of 
the interviews was to the fore since farmers from the village that actually 
had their membranes stolen. They also emphasized the risk of having 
their water used by someone else as a concern. 

4.5. Uncertainties and limitations 
Many results reported in previous studies of supplemental irrigation were 
either on an aggregated level in terms of economy, poverty alleviation 
and how the systems performed in general. More detailed reports of the 
grain yield for treatments were from controlled experimental fields prob-
ably deviating from the ‘normal’ situation. The Triple Green project’s at-
tempt to do research on farmers’ field was an attempt to bridge the gap 
from research over to an up-scaling situation. The obvious drawback is 
that many uncertainties were introduced in a situation where every step 
was not research led and controlled. By having research on open fields 
you will always be exposed of the risk for unusual disturbances, e.g. ani-
mals eating the seedlings. Together with the annual climatic variability 
and that soil properties are very heterogeneous, these uncertainties 
makes it hard to extrapolate results both temporal and spatially to draw 
general conclusions. Uncertainties regarding field data were reduced by 
having five blocks with the same design, which made it possible to use 
mean values from all five blocks compared to a single value from one 
experimental set-up. Although data was not collected in a way to statisti-
cally state values, many samples were collected to present a range of each 
parameter. The meteorological data from the field indicates that the re-
gion was provided with more water than might be considered as a hot 
semi-arid (steppe) area. The importance of SI would probably have been 
emphasized if the field site was located in a drier region. 
On the other hand, models can easily create artefacts and are sometimes 
hard to evaluate if so or not due to the complexity of the model. The gap 
between the field experiments (real world) and the simulations (model 
world) is sometimes difficult to bridge. It could be done by very exten-
sive and controlled field work in order to get a lot of useful data with 
many data points to increase the degrees of freedom to calibrate a model. 
However this would probably require highly controlled experimental 
fields, i.e. also an artefact of the real world conditions. The assembled 
knowledge from field works can instead be very useful to build robust 
models. Models on the other hand have a hard time to include the prob-
ability of unusual events and disturbances on a local scale, such as live-
stock eating seedling or plants destroyed by extreme climate events. The 
strength of a model is to pedagogically present how something probably 
would behave under pre-defined conditions and how it would change if 
the conditions are changed.  
The specific model used in the study has several limitations and uncer-
tainties. First of all the conceptual model of how to irrigate was chosen 
without a proper investigation of which irrigation systems that are most 
water efficient. Another approach would be to find a documented effi-
cient low-tech system that could be applied without electricity. Instead 
the model only assumed some simple applications to increase the water 
use efficiency, such as that stray covered the bare soil and that water was 
applied at a slow rate as surface irrigation. Another limitation of the 
model was that irrigation was triggered through the water content in the 
soil and is not dependent on how much water the plant demands at the 
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specific growth stage (not demand driven). The application rate was put 
very low (50 mm/day) to avoid surface runoff in the model, which could 
probably be handled in other ways on field, e.g. through furrows that 
capture the water. This limited how much water that could be applied at 
each event since the model stopped the irrigation at every midnight. In 
really warm climates, it would be better to only irrigate night time to re-
duce the soil evaporation. In that sense the model does not reflect an 
idealistic irrigation scheme, thus the water amounts used for irrigation 
are somewhat exaggerated. Another limitation of the model was that the 
same soil was used all the time. By changing the soil properties, conclu-
sion could be drawn for more areas. The same goes for the plant, even 
though the plant was set as a default C4 plant, it was still one plant. The 
irrigation amount and the most efficient minimum water content in the 
soil heavily depends on what water content the plant starts to suffer 
from water stress and how the plant behaves in terms of transpiration 
and respiration. There were also uncertainties related to the parameters 
values. Although parameters were tested at the beginning, no proper 
sensitivity analysis has been conducted prior to the calibration, which 
makes it uncertain if there were parameters that have impact on the out-
put that were left out. Especially the dilemma of parameters dependent 
on other parameters to have an impact on the final outputs has not been 
targeted in the study. 
The interviews were only limited to the Triple Green Project farmers 
with their subjective experience and thoughts. It is not reasonable to 
make them represent Ethiopian farmers, or even Ethiopian farmers liv-
ing in semi-arid areas. There is an obvious risk of misinterpretation due 
to different cultures and mother tongues. The interviews were translated 
from English to Amharic by a discussion between me and the interview-
er that spoke little English. The interviewer was then forced to translate 
and write down the farmers answer in English. There was also a risk that 
the interviewer affected the outcome as well as the respondent answered 
only to serve the interviewer (Esaiasson et al 2005). This was very hard 
to control since the interviews were held in Amharic and even harder to 
see if the farmers were answering as they think the project wanted them 
to answer. There was the risk that the farmers answered the questions 
with the hope of future benefits or agreements with the project. The an-
swers were however contradicting this concern, since none were saying 
that they were interested in SI for cereals even if this has been one of the 
main focuses of the project. 
The cost benefit of RWH ponds for supplemental irrigation remains un-
certain since the model was not able to quantify the grain yield specific 
for maize. That means that the capital costs for a RWH system cannot 
be compared with the increase of yearly income due to improvements of 
the areal yield. A sidetrack was that the geomembranes’ life time was an 
uncertain parameter from a cost perspective. A membrane risk to crack 
if exposed to UV light. The Triple Green project experimented with the 
usage of passion fruit plants growing on simple net construction over the 
pond in order to shade the membrane and to reduce the evaporation of 
the water during the dry season (results are not yet analyzed). A fully 
grown passionfruit vine require up to 400 L of water (Dirou 2005). With 
a potential evaporation of around 1600 mm/year and a pond surface ar-
ea of 64 m2, the use of around 4-6 plants will render the same losses to 
transpiration as would otherwise be present as evaporation (Arefaine, 
Nedaw & Gebreyohannes 2012). However, the gain would be the 
growth of passionfruits and a longer life span of the geomembranes. 
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4.6. General discussion 
Given that the results were reliable and valid it was clear that SI increases 
the areal yield. The modelling part showed it and the pattern was clear 
for all the climate regions. The yield increase due to SI was moderate in 
the field experiment. This has two main probable explanations: a) the 
field was provided with a lot of rain which made the impact of applied SI 
lower (similar to climate conditions in transect zone 1 and 2) and b) the 
amount of water used was very low (one event of 10 mm). The ratio of 
how much larger the areal yield was with SI was difficult to compare 
with the results in previous literature since it depends on the rain-fed 
conditions. Obviously no rain-fed agriculture would be possible for at 
least the last two transect zones (5 and 6). For the two wetter zones, the 
mean biomass increase due to irrigation were 24 % and 63 % for transect 
zone 1 and 2 respectively. Of more interest was how efficient SI was to 
eliminate the inter-annual variability (provided that nutrient supply was 
fixed). The complete crop failure years were eliminated and the annual 
yield never deviated more than 10 % from the mean areal yield during 
the simulation period, compared to the standard deviation of 25 % for 
the same period for East and Southern Africa (FAO, 2014).  
To obtain the most efficient increase of the areal yield, the modelled 
showed that the water should be used to irrigate between the two rain 
periods in climates similar to the climate of transect zone 1. That was the 
scenario that used least amount of water but still produced the most. The 
mean yearly irrigation demand would then be 224 mm. If that amount is 
spread over seven irrigation events (mean modelled number of irriga-
tions for the same scenario), it would require storage of 320 m3 water per 
hectare of irrigated field and irrigation event. Given that the pond is 
filled up between each usage that would be the suggested size of a RWH 
pond. However, most probably irrigation would be required without 
having rain events that collects enough water between the irrigation 
events, why larger ponds with larger catchment areas would be more 
suitable. Provided above results are valid, there is a clear discrepancy be-
tween the model irrigation requirements in terms of water storage 
(>320 m3) and the size of RWH ponds used in field (120 m3). The ponds 
in field are considered to at least cover one irrigation event with 10 mm 
for one hectare (100 m3). Considering that the farmers have land areas 
between 0.5-2.25 hectares, the small ponds used in field could be enough 
to cover the demand for the smallest landowner. If countries in SSA aim 
to increase the areal yield of cereals in order to cover future food de-
mand of the region, then responsibility has to be taken on higher level of 
the society. To rely on the farmers’ will to profit from the usage of RWH 
ponds for SI of cereals is according to the study’s results not promising. 
The fact that none of the project farmers wanted to use the irrigation 
water for cereals, which most probably was due to the higher potential 
revenue if the water was used for cash crops, also stresses the need of a 
societal responsibility for the common good. Moreover, the irrigation 
system has to be mechanized if water should be applied in an efficient 
way. Low-tech small scale RWH ponds can most probably improve the 
well-being of the individual farmer but does not seem promising to solve 
the problem of the world’s future food demand. 

5. CONCLUSIONS 
The modelling showed interesting suggestion for the water requirements 
for different transects in Ethiopia. Supplemental irrigation increased the 
yield for the whole transect from the inland south of Addis Ababa to-
wards the coast of Djibouti. This was also confirmed by the field exper-
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iment, although increase of the areal yield was moderate. The field analy-
sis showed that the areal yield responded mostly to the application of 
productive sanitation. This leads to the conclusion that maize plants 
were more nutrient stressed than water stressed.  
With the normal growth season that only covers the later rain period of 
the year, most biomass per unit irrigated water will probably be produced 
in the warm dry climates similar to the climate of transect zones 4-6. For 
the wetter areas of Ethiopia, where the within year distribution of precip-
itation consists of two pronounced rain periods (Feb-April and July-
September), irrigation would be most efficient to use to bridge the two 
periods. In that way the growth season could be prolonged to more than 
180 days. To maximize the yield, it would in average require 320 m3 of 
water per irrigated hectare and irrigation event. With a mean of seven ir-
rigation events per season, the total water requirement was 2240 m3 of 
water per irrigated hectare and year. 
The solution to increase the areal yield of cereals in order to meet the fu-
ture food demand in the region calls for a societal responsibility to pro-
vide infrastructure for water collection, storage and distribution.  This 
statement is supported by the fact that the farmers themselves wanted to 
use the RWH ponds for other purposes than for supplemental irrigation 
of cereals and previous reviews from India conclude that the cost benefit 
is higher for large-scale investments. However, the small scale farmer-
owned RWH ponds seems to be appreciated by the farmers and might 
very well have an important role for the well-being of the households 
and as a tool towards poverty alleviation. 

6. SUGGESTIONS FOR FUTURE RESEARCH 
CoupModel, as a physically based model, can be used to predict the plant 
water requirement for different climates. The climate data from EU-
WATCH enable modelling of the irrigation water requirement over the 
whole world with a spatial resolution of 0.5° x 0.5°. By varying the type 
of plant between the commonly cultivated crops and by varying the soil 
types according to geological data of a region, a ‘demand’ map of the ac-
tual water requirement of a region can be produced for each plant type. 
These demand maps can then be compared and evaluated together with 
data and maps that have estimated the total water availability of a region 
or more specific data such as how much rain water that could be har-
vested in a region, as done by Dile et al (manuscript). The water availa-
bility and demand could be assessed together in order to allocate the wa-
ter resources from where it is suitable to collect it to the areas where the 
water could be used efficiently. 
The same type of methodology as in the study could be applied to evalu-
ate the plant’s nutrient demand and how different fertilization schemes 
could meet the demand in order to optimize plant growth. 
On a local scale the suggestion is to find promising irrigation systems 
that can be adapted locally and outline the possibilities to scale up the 
size of the ponds on a community level. 

  



     Kristoffer Ristinmaa            TRITA LWR-EX-2015:10   

 

40 
 

REFERENCES  

Alexandratos N. 2009. World food and agriculture to 2030/50- High-
lights and views from mid-2009. Expert Meeting on How to feed the 
World in 2050 Food and Agriculture Organization of the United Na-
tions Economic and Social Development Department. 32 p. 

American Society of Civil Engineers. 1996. Hydrology Handbook. 2nd 
ed. Library of Congress Catalog: USA. 824 p. 

Arya S L, Samra J S. 2001. Revisiting Watershed Management Institu-
tions in Haryana Shivaliks, India. Central Soil and Water Conserva-
tion Research and Training Institute. 329 p. 

Azizian A, Sepaskhah A R. 2014. Maize response to different water, sa-
linity and nitrogen levels: agronomic behavior. International Journal 
of Plant Production 8:107-130. 

Bouagila B, Sushama L. 2013. On the Current and Future Dry Spell 
Characteristics over Africa. Atmosphere 4: 272-298 

Barron J, Rockström J, Gichuki F, Hatibu N. 2003. Dry spell analysis 
and maize yields for two semi-arid locations in east Africa. Agricul-
tural and Forest Meteorology 117:23–37 

Barron J (Ed.). 2009. Rainwater harvesting: a lifeline for human well-
being. A report prepared for UNEP by Stockholm Environment In-
stitute. 80 p. 

Beven K J, Binley A M. 1992. The future of distributed models: model 
calibration and uncertainty prediction. Hydrological Processes 6:279-
298. 

Cervantes-Godoy D, Dewbre J. 2010. Economic Importance of Agricul-
ture for Poverty Reduction. OECD Food, Agriculture and Fisheries 
Working Papers 23. 27 p. 

Chen S, Ravallion M. 2007. Absolute poverty measures for the develop-
ing world, 1981–2004. PNAS 43: 16757-16762. 

Esaiasson P, Gilljam M, Oscarsson H, Wängnerud L. 2005. Metodprak-
tikan: Konsten att studera samhälle, individ och marknad. Nordstedts 
Juridik: Sweden. 

Dile Y, Rockström J, Karlberg L. Manuscript. Suitability of Water Har-
vesting in the Upper Blue Nile Basin, Ethiopia: A First Step towards 
a Meso-scale Hydrological Modeling Framework. 

Dirou J F. 2005. Passionfruit growing: what you need to know. The New 
South Wales Department of Primary Industries. Agnote 1/082: Aus-
tralia. 2 p. 

Fan S, Hazell P, Haque T. 2009. Targeting public investments by agro-
ecological zone to achieve growth and poverty alleviation goals in ru-
ral India. Food Policy 25 :411-428. 

Fox P, Rockström J, Barron J. 2005. Risk analysis and economic viability 
of water harvesting for supplemental irrigation in semi-arid Burkina 
Faso and Kenya. Agricultural Systems 83:231-250. 

IFAD. 2011. Rural Poverty Report, 2011 – New realities, new challenges: 
New opportunities for tomorrow’s generation. Italy: Qiuntily. 322 p. 

IPCC. 2014. Climate Change 2014: Impacts, Adaptation, and Vulnerabil-
ity. IPCC WGII AR5 Volume II: Regional aspects. Chapter 22: Afri-
ca. 115 p. 



Supplemental irrigation of cereals in semi-arid areas in Ethiopia - is it worth the effort? 

 

41 

Jansson P-E, Karlberg L. (Ed.) 2010. COUP Manual. Coupled heat and 
mass transfer model for soil-plant-atmosphere systems. KTH: Stock-
holm. 498 p. 

Jansson P-E. 2012. Coupmodel: Model use, calibration, and validation. 
American Society of Agricultural and Biological Engineers. 55:1335-
1344. 

Joshi P K,  Jha A K, Wani S P, Laxmi Joshi, Shiyani R L. 2005. Meta-
analysis to assess impact of watershed program and people's partici-
pation. Comprehensive Assessment Research Report 8. Sri Lanka: 
Comprehensive Assessment Secretariat. 24 p. 

Latshaw W L, Miller E C. 1924. Elemental composition of the corn 
plant. Journal of Agricultural Research 28:845-860. 

Liao C F H, Bartholomew W W. 1974. Relationship between nitrate ab-
sorption and water transpiration by corn. Soil Science Society of 
America 38:472-477. 

Morris M, Kelly V A, Kopicki RJ, Byerlee D. 2007. Fertilizer Use in Af-
rican Agriculture: Lessons Learned and Good Practice Guidelines. 
USA: The World Bank Publications. 162 p. 

Martin K, Sauerborn J. 2013. Agroecology. USA: Springer. 330 p. 
OECD. 2014. Water resources in agriculture: outlook and policy issues. 2 

p. 
Pretty J, Hines R. 2001. Reducing Food poverty with sustainable agricul-

ture: a summary of new evidence. UK: University of Essex. 136 p. 
Rockström J, Lannerstad M, Falkenmark M. 2007. Assessing the water 

challenge of a new green revolution in developing countries. PNAS 
104:6253–6260 

Rockström J, Falkenmark M. 2010. Back to basics on water as a con-
straint for global food production: opportunities and limitations. In: 
Water for food in a changing world, Garrido A, Ingram H (Ed.). 
USA: Routledge. 334 p. 

Rockström J, Karlberg L, Suhas W P, Barron J, Hatibu N, Oweis T, 
Bruggeman A, Farahani J, Qiang Z. 2010. Managing water in rainfed 
agriculture —the need for a paradigm shift. Agricultural Water Man-
agement 97:543–550 

Schumacher B A. 2002. Methods for the determination of total organic 
carbon (toc) in soils and sediments. United States Environmental 
Protection Agency. USA: US EPA. 25 p. 

Sharma B R, Rao K V, Vittal K P R, Amarasinghe U A. 2008. Convert-
ing rain into grain: opportunities for realizing the potential of rain-fed 
agriculture in India. In: Strategic Analyses of the National River Linking 
Project (NRLP) of India, Series 2, Amarasinghe U A, Sharma B R (Eds.). 
Proceedings of the Workshop on Analyses of Hydrological, Social 
and Ecological Issues of the NRLP, New Delhi, India, 9-10 October 
2007. Sri Lanka: International Water Management Institute. 239-252.  

Teklebirhan A, Dessie N, Tesfamichael G. 2012. Groundwater Recharge, 
Evapotranspiration and Surface Runoff Estimation Using WetSpass 
Modeling Method in Illala Catchment, Northern Ethiopia. Momona 
Ethiopian Journal of Science 4:97-110. 

Tuller M, Or D. 2005. Retention of water in soil and the soil water char-
acteristic curve. Elsevier: USA. 12 p. 



     Kristoffer Ristinmaa            TRITA LWR-EX-2015:10   

 

42 
 

UN, Department of Economic and Social Affairs, Population Division. 
2013. World Population Prospects: The 2012 Revision. Volume I: 
Comprehensive Tables ST/ESA/SER.A/336. 439 p. 

UN-OCHA. 2003. Ponds filled with challenges – Water harvesting expe-
riences in Amhara and Tigray, Field assessment mission 30 Sept- 13 
Oct 2003. 26 p. 

Zand-Parsa Sh, Sepaskhah A S, Rounaghi A. 2006. Development and 
evaluation of integrated water and nitrogen model for maize. Agricul-
tural Water Management 81:227–256. 

 
OTHER REFERENCES 

Serkalem, M.Sc. student at Hawassa University, Ethiopia. She conducted 
interviews with farmers in three kabele in Amhara region to find out 
farmer’s perception of rain water harvesting ponds as part of her 
Master thesis. 

FAO :s website a) http://www.fao.org/nr/water/cropinfo_maize.html  
Topic:  Crop Water Information: Maize. 

FAO:s website b): http://www.fao.org/economic/ess/ess-stan 
ards/commodity/comm_chapters/results_chaps/en/?item_chapter= 
Topic: FAOSTAT commodity definitions and correspondences 

FAOstats’ website: http://faostat.fao.org/  
The World Bank’s website: 

http://water.worldbank.org/topics/agricultural-water-
management/rainfed-agriculture 

USDA:s website: http://www.nrcs.usda.gov/  
Weedon G P, Gomes S, Balsamo G, Best M J, Bellouin N, Viterbo P. 

2012. WATCH-Forcing-Data-ERA-Interim. Climate data outlined 
through EU-WATCH. Available to retrieve from. URL (2014-06-18): 
https://gateway.ceh.ac.uk/. Search word ‘WATCH’. 

  

http://www.fao.org/nr/water/cropinfo_maize.html
http://faostat.fao.org/
http://water.worldbank.org/topics/agricultural-water-management/rainfed-agriculture
http://water.worldbank.org/topics/agricultural-water-management/rainfed-agriculture
http://www.nrcs.usda.gov/
https://gateway.ceh.ac.uk/


Supplemental irrigation of cereals in semi-arid areas in Ethiopia - is it worth the effort? 

 

43 

APPENDIX 1 – LIST OF EQUATIONS, VARIABLES AND 
PARAMETERS USED IN COUPMODEL 

The tables below are done by Louise Karlberg from Stockholm Envi-
ronment Institute. Some equations, variables and parameters are adjusted 
to fit the present study (especially most values are changed with its 
source to represent the study area). 

Table A1. List of equations.    

Equation Definition No. 

Plant growth*   

4V mP V C=  Rubisco (carboxylation) limited rate 
of photosynthesis (mol m-2 s-1) 

(1) 

( ) ( ) ( )/m max l leaf ta tpV V f T f CN f E E=  
Catalytic capacity of Rubisco at 
saturating levels of Ribulose 
biphosphate (RuBP) and intercellu-
lar partial pressure of CO2         
(mol m-2 s-1) 

(2) 

( ) 11 rn lk A
max cmax

rn

V V e
k

−= −  
Maximum rate of carboxylation for 
the bulk canopy per leaf area, Vmax,  

(3) 

4J mP J C=  RuBP regeneration (light) limited 
rate of photosynthesis (mol m-2 s-1) 

(4) 

( ) ( )( ), maxmin ,0.25 /m s pl l ta tpJ R J f T f E Eε= ⋅ ⋅ ⋅
 

Electron transport rate (mol m-2 s-1) (5) 

2.1max maxJ V= ⋅  Maximum electron transport rate for 
the bulk canopy per leaf area, Jmax 

(6) 

4

4
2 10 m i

S
atm

V cP C
p

⋅ ⋅
=  

Metabolism of end product (TPU) 
limited rate of photosynthesis     
(mol m-2 s-1) 

(7) 

( ) ( )

( ) ( )

11

1 2

22 2

0

( ) 1
1

0

l mn

mn l ol mn o mn

l o l o

o l mxl o mx o

l mx

T p
p T pT p p p

f T p T p
p T pT p p p

T p

<
≤ ≤− −

= < <
≤ ≤− − −
>

 

Response function for leaf tem-
perature (-) 

(8) 

,

,
, ,

, ,

,

1

( ) 1

0

leaf CN Opt

leaf CN Opt
l CN Opt leaf CN Th

CN Opt CN Th

leaf CN Th

CN p
CN p

f CN p CN p
p p

CN p
−

<
−

= + ≤ ≤

>
 

Response function for leaf carbon 
nitrogen ratio (-) 

(9) 

( )/ ta
ta tp

tp

Ef E E
E

=  
Response function for soil moisture 
(-) 

(10) 

( )
( )

2

2

0

0
vj P P V J V J

ps P S P S

P P P P P P

P P P P P P

β

β

− + + =

− + + =
 

where PP is an intermediate variable equal to the minimum of 
PV and PJ. 

Quadratic equations for smoothing 
the transition between assimilation 
rates (Collatz et al.,1991). The 
equations are solved for their 
smaller roots. 

(11) 

( )a i
sc bc ac

atm

c cP g g g
p
−

= ⋅ + +  
Supply of carbon for photosynthe-
sis (mol m-2 s-1) 

(12) 

, 1
2

a b
b b t n soil ac

atm CO cap

c c tc c P R g
p k−

  − ∆
= − + + ⋅     

 

where cb,t-1 is the carbon concentration in the canopy air space 

Partial pressure of CO2 in the 
canopy air space (Pa) 

(13) 
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from the previous time step. 

n
s b atm

sb

Pc c p
g

= − ⋅  
Partial pressure of CO2 at the leaf 
surface (Pa) 

(14) 

n
i s atm

sc

Pc c p
g

= − ⋅  
Partial pressure of CO2 in the sub-
stomatal cavity (Pa) 

(15) 

( ) ( ) ( )
( )2 max ,4 f abszero atm atmnorm

CO cap mol
a abszero

T T p p
k d a

T T
− ⋅

= ⋅ ⋅
−

 

Carbon capacity of air (mol air m-2), 
which is the mass of air from 
ground to displacement height. This 
factor, together with time, t, con-
verts the flows (mol CO2 m-2 s-1) 
into concentrations (mol CO2 mol 
air-1). 

(16) 

Crespleaf=kmrespleaf ∙ f(Ta) ∙ Cleaf 

where Pleaf is an intermediate variable equal to the amount of 
assimilates allocated to leaves. 

Plant respiration from leaves      
(gC m-2 day-1) 

(17) 

Plant abiotic processes   

,l leaf l spA C p= ⋅  Leaf area index (m2 m-2) (18) 

( )( )( )1 21 1h leaf stem h plp C C p t
p hmaxH p e e− + − ⋅∆= − −  

Plant height (m) (19) 

root
r zroot

zroot
root

incroot

Cz p pC
p

 
 
 =
 + 
 

 

Root depth (m) (20) 

0
* ( ( )) ( ( )) ( )

r

ta tp
z

E E f z f z r z dz= ψ ⋅ p ⋅∫  

Actual transpiration before com-
pensatory uptake (mm day-1) 

(21) 

1 2

( ( ))
( )

tpp E p
cf z
z

+
 ψ

ψ =  ψ 
 

Response function for soil moisture 
content (-) 

(22) 

( )* *
ta ta upt tp taE E f E E= + ⋅ −  

Actual transpiration (mm day-1) (23) 

( )

1

s a
n a p

a
v tp

s

a

e e
R c

rL E
r
r

−
∆ +r

=
 

∆ + γ + 
 

 

where Lv, ra, cp and γ are constants and ∆ is the slope of the 
saturated vapour pressure function.  

Potential transpiration (mm day-1) (24) 

   

max

1

is
l

s ais ris

vpd

R gg e eR g
g

= ⋅
−+ +

 
Stomatal conductance per leaf area 
(m s-1) 

(25) 

1
s

l l

r
A g

=
⋅

 
Stomatal resistance (s m-1) (26) 

( )1.6
sc ta tp

s

g f E E
r

= ⋅  

where 1.6 is the ratio of the diffusivities of CO2 and H2O in the 
stomatal pores 

Stomatal conductance of CO2       
(m s-1) 

(27) 
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1.4
bc

b

g
r

=  

where 1.4 is the ratio of the diffusivities of CO2 and H2O in the 
leaf boundary layer 

Boundary layer conductance of 
CO2 (m s-1) 

(28) 

2

0
2

ln ref

a

z d
z

r
k u

− 
 
 =  

where k is von Karmans constant. 

Aerodynamic resistance (s m-1) (29) 

0 0 factor pz z H= ⋅  Roughness length (m) (30) 

factor pd d H= ⋅  Displacement height (m) (31) 

1.0
ac

a

g
r

=  
Aerodynamic conductance of CO2 
(m s-1) 

(32) 

( ) (
( )

2( / / ) ( / ) f abszero atm atmnorm
sc sc mol

a abszero

T T p p
g mol m s g m s a

T T
+ ⋅

= ⋅ ⋅
+

 

Conversion of conductance from 
m s-1 to moles m-2 s-1, which is the 
unit used in the photosynthesis 
equations,  

(33) 

( ), 1 1
l

rn
cc

Ak
f

s pl cc pl isR e f a R
− 

= − ⋅ −  
 

 

Plant interception of global radia-
tion (MJ m-2 day-2) 

(34) 

( )max 1 ck lp A
cc cf p e−= −  

Surface canopy cover (m2 m-2) (35) 

( )a p surf a
v s

as

c e e
L E

r
r

γ
−

=   

Soil evaporation (mm day-1) (36) 

1
( 273.15)( ) e

corr

s

M g e
R T

surf s se e T
 −Ψ
 

+ =  

where M is the molar mass of water and g is the gravitational 
constant. 

Vapour pressure at the soil surface 
(Pa) 

(37) 

 

( )10 surf eg

corre δ− Ψ=  

where δsurf is the mass balance of water at the soil surface. 

Empirical correction factor for 
vapour pressure at the soil surface. 

(38) 

( ) ( )soilresp soil soil s soilC k m T f Cθ=  Heterotrophic respiration rate      
(gC day-1) 

(39) 

* The photosynthetic rates are calculated as mole carbon per leaf area per second and P is thus converted to g carbon per unit 
soil area per day. 
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Table A2. List of variables. 
Variable Unit Eq. 
Rubisco (carboxylation) limited rate of photosynthesis, PV mol m-2 s-1 (1) 

RuBP regeneration (light) limited rate of photosynthesis, PJ mol m-2 s-1 (4) 
Metabolism of end product (TPU) limited rate of photosynthesis, PS mol m-2 s-1 (7) 
Catalytic capacity of Rubisco at saturating levels of Ribulose biphosphate 
(RuBP) and intercellular partial pressure of CO2, Vm 

mol m-2 s-1 (2) 

Electron transport rate, Jm mol m-2 s-1 (5) 
Maximum rate of carboxylation for the bulk canopy per leaf area, Vmax mol m-2 s-1 (3) 
Maximum electron transport rate for the bulk canopy per leaf area, Jmax mol m-2 s-1 (6) 
Response function for leaf temperature, f(Tl) - (8) 
Response function for leaf carbon nitrogen ratio, f(CNl) - (9) 
Response function for soil moisture, f(Eta/Etp) - (10) 
Partial pressure of CO2 in the canopy air space, cb Pa (13) 
Partial pressure of CO2 at the leaf surface, cs Pa (14) 
Partial pressure of CO2 in the sub-stomatal cavity, ci Pa (15) 
Carbon capacity of air, kCO2cap mol air m-2 (16) 
Plant respiration from leaves, Crespleaf gC m-2 day-1 (17) 
Plant respiration from stem, Crespstem gC m-2 day-1 (17) 
Plant respiration from roots, Cresproot gC m-2 day-1 (17) 
Plant respiration from fruits, Crespfruit gC m-2 day-1 (17) 
Leaf temperature, Tl ˚C  
Air temperature, Ta ˚C  
Freezing point, Tf ˚C  
Carbon nitrogen ration in the leaf, CNleaf g g-1  
Carbon content in leaves, Cleaf g C m-2  
Carbon content in stem, Cstem g C m-2  
Carbon content in roots, Croot g C m-2  
Leaf area index, Al m2 m-2 (18) 
Plant height, Hpl m (19) 
Root depth, zr m (20) 
Time that has elapsed since the emergence day of the plant, ∆tpl days  
Actual transpiration before compensatory uptake, Eta

* mm day-1 (21) 
Response function for soil moisture content, f(Ψ) - (22) 
Actual transpiration, Eta mm day-1 (23) 
Potential transpiration, Etp mm day-1 (24) 
Stomatal conductance per leaf area, gl m s-1 (25) 
Stomatal resistance, rs s m-1 (26) 
Aerodynamic resistance, ra s m-1 (29) 
Stomatal conductance of CO2, gsc m s-1 (27) 
Boundary layer conductance of CO2, gbc m s-1 (28) 
Aerodynamic conductance of CO2, gac m s-1 (32) 
Roughness length, z0 m (30) 
Displacement height, d m (31) 
Surface canopy cover, fcc m2 m-2 (35) 
Plant interception of global radiation, Rs,pl MJ m-2 day-2 (34) 
Soil evaporation, Es mm day-1 (36) 
Aerodynamic resistance, soil surface, ras s m-1 (29) 
Vapour pressure at the soil surface, esurf Pa (37) 
Carbon content in the soil, Csoil gC m-2 (39) 
Soil heterotrophic respiration, Csoilresp gC m-2 day-1 (39) 
Net radiation, Rn MJ m-2 day-1  
Incoming short-wave radiation, Ris MJ m-2 day-1  
Wind speed, u m s-1  
Vapour pressure deficit, es-ea  Pa  
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Table A3. Constants for the calculation of photosynthesis. 
Constant Determination Unit 
CO2 compensation point in the absence of mito-
chondrial respiration, Γ* 

10

* 0.5
2600 0.57Q

O⋅
Γ =

⋅
 

Pa 

Partial pressure of O2 in the leaf interior, O 320.5 10O = ⋅  Pa 

Rubisco Michaelis-Menten constant for CO2, Kc 1030 2.1Q
cK = ⋅  Pa 

Rubisco Michaelis-Menten constant for O2, Ko 1030000 1.2Q
oK = ⋅  Pa 

Q10 temperature coefficient, Q10 ( )10 298.16 /10lQ T= −  - 

Absolute zero, Tabszero 273.15abszeroT = −  ˚C 

Normal air pressure, patnnorm 51.013 10atmnormp = ⋅  Pa 

Mole air per cubic meter air, amol 44.6mola =  mol m-3 

 

Table A4. Soil property parameters. 
Property Value Unit Source 
Saturated hydraulic conductivity, 
Ksat 

50 mm day-1 Calibration within range of observations 

Matrix conductivity, X 50 mm day-1 Set to same as Ksat 

Residual water content,  0.08 m3 m-3 From pedotransfer function by Rawl 
and Brankensiek (1980) 

Saturated water content, patm 0.48 m3 m-3 Calibrated within range of observations 

Wilting point 0.09 m3 m-3 From pedotransfer function by Rawl 
and Brankensiek (1980) 

Parameter λ 0.34 - From pedotransfer function by Rawl 
and Brankensiek (1980) 

Initial water content 50 vol % Assumed 
     

Soil texture Model Experimental site   
Clay 1 % 3 % 
Silt 5 % 6 % 
Sand 94 % 91 % 
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Table A5. Plant growth and soil respiration properties. 
Property Value Unit Eq. Source 
Maximum Rubisco capacity per 
leaf area at the top the canopy, 
Vcmax 

32 μmol m-2 s-
1 

 
Massad et al., 2007 (25 deg C) 

Quantum efficiency*,  8 g dw MJ-1  Jones, 1992 
Atmospheric pressure at the 
surface, patm 100 kPa , Model default 

Optimum temp. interval, po1 – po2 23-37.5 ºC  Bird et al 1976 and Craft-
Brandner & Salvucci 2002 

Max temp, pmx 60 ºC  Assumed 
Min temp, pmn 5 ºC  Assumed 
Optimun carbon nitrogen ratio, 
pCN,Opt  10 -  Greenwood et al., 1990 

Threshold carbon nitrogen ratio, 
pCN,Th  80 -  Calibration against LAI, Plant 

height and surface coverage 
Photosynthesis curvature factor, 
βvj 0.877 -  Dai et al., 2004 

Photosynthesis curvature factor, 
βps 0.99 -  Dai et al., 2004 

CO2 concentration atmosphere, 
ca 386 μmol mol-1  approximate levels 2009 

Assimilates to leaf 0.31 -  Khan & Srivastava (1998)** 
Assimilates to stem 0.51 -  Khan & Srivastava (1998)** 
Assimilates to roots 0.18 -  Khan & Srivastava (1998) 
Maintenance respiration leaf, 
kmrespleaf 0.0007 g g-1  Calibration against LAI and 

surface coverage 
Maintenance respiration stem, 
kmrespstem 0.017 g g-1  Penning de Vries & van Laar, 

1982 
Maintenance respiration roots, 
kmresproot 0.011 g g-1  Penning de Vries & van Laar, 

1982 
* The CoupModel uses absorbed incident solar radiation. All units of quantum efficiency 
have been transferred to this unit according to Sinclair and Muchow (1999) and Bon-
homme (2000). 
** Assimilation to leaf and stem is totally 0.72 according to Khan & Srivastava (1998), 
division between leaf and stem is assumed. 

 

Table A6. Plant physical characteristics, transpiration, resistances to water vapour 
transfer, radiation properties and soil evaporation. 
Property Value Unit Eq. Source 
Leaf mass per unit leaf area, 
pl,sp  20 gC m-2  Calibration against LAI 

Max height, plmax 2.3 M  independent  obs. 

Height mass coef, ph1  0.08 m2 gC-1  Calibration against plant height 
obeservations 

Height age coef, ph2 0.1 days-1  Calibration against plant height 
obeservations 

Root inc depth, pincroot -1 M  Model default 
Root lowest depth, pzroot -1 M  Observations 
Crit threshold dry, c 200 - cm water  Assumed for sandy loam 
Demand rel coef, p1 0.3 1 day-1  Model default 

Non-demand rel coef, p2 0.1 kg m-2 day-
1 

 Model default 

Flexibility degree, fupt 0.6 -  Assumed 
Lohammar, cond max, gmax 0.02 m s-1  Model default 

Lohammar, cond ris, gris 5 MJ m-2 day-
1 

 Model default 

Lohammar, cond vpd, gvpd 10000 Pa  Assumed 
Boundary layer resistance, rb 21 s m-1  Collatz et al., 1991 
Reference height, zref 3 M  Observations 
Roughness coefficient, z0factor  0.1 -  Rockström et al., 1998 
Displacement coefficient, dfactor 0.66 -  Model default 
Plant albedo, apl 25 %  Oke, 1987; Gustafsson, 2002 
Extinction coefficient, krn 0.5 - , Model default 
Maximum surface coverage, 
pcmax 0.75 m2 m-2  Observations 

Surface coverage rate, pck 2 -  Observations 
Equil adjust psi 1     Calibrated against soil moisture 
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APPENDIX 2 – PARAMETERS USED IN CALIBRATION 
Table A7. The parameters set for Monte Carlo simulation focusing on the soil with 
parameters range and the following refined range visible from the selection of 
accepted runs. If no values are written in the refined columns, it means that the 
model performed equal over the whole range (equifinality). 
Number of accepted runs: 22/1500  Range prior to 

calibration 
New range refined 
by calibration 

Process Parameter Simulation  Min Max Min Max 

Soil heat flows TempDiffPrec_Air Linear -5 2 - - 

Soil water flows DVapTortuosity Linear 0.01 4 - - 

Soil evaporation EquilAdjustPsi Linear 0 2.5 1 2.5 

Soil evaporation MaxSurfDeficit Linear -3 -1 - - 

Soil evaporation RoughLBareSoilMom Linear 1.00E-05 0.05 - - 

Soil evaporation WindLessExchangeSoil Linear 1.00E-03 1 - - 

Soil Hydraulic Total Conductivity(1) Linear 1.00E+00 600 - - 

Soil Hydraulic Matrix Conductivity(1) Same As Total cond (1) - - 

Soil Hydraulic Total Conductivity(2) Linear 1 600 1 100 

Soil Hydraulic Matrix Conductivity(2) Same As Total cond (2) 1 100 

Soil Hydraulic Saturation(1) Linear 35 55 - - 

Soil Hydraulic Macro Pore(1) Linear 1 6 - - 

Soil Hydraulic Lambda(1) Linear 0.1 1 - - 

Soil Hydraulic Lambda(2) Linear 0.1 1 - - 

 
Table A8. 16 parameters with their corresponding range for the second Monte 
Carlo run with focus on plant growth. 

Number of accepted runs: 69/10000 Range prior to 
calibration 

New range 
refined by cali-
bration 

Process Parameter Simulation 
step Min Max Min Max 

Water uptake CritThresholdDry  Log 100 10000 - - 

Water uptake DemandRelCoef  Linear 0 2 - - 

Water uptake FlexibilityDegree  Linear 0 1 - - 

Plant Growth LAI Enh Coef  Linear 0 2 - - 

Plant Growth LeafTsum2  Linear 1300 3000 - - 

Plant Growth RateCoef_fRoot  Linear 0.02 0.1 - - 

Plant Growth Vcmax  Linear 20 120 30 110 

Plant Growth GrowthCoef  Log 1.00E-04 0.6 - - 

Plant Growth MCoefGrain  Log 1.00E-04 0.1 1.00E-04 0.01 

Plant Growth MCoefLeaf  Log 1.00E-04 0.1 - - 

Plant Max Cover  Linear 0.6 1 0.6 0.9 

Plant Area kExp  Linear 0.5 10 - - 

Plant Specific LeafArea  Linear 5 50 5 30 

Plant Height MassCoef  Linear 0.01 0.3 0.08 0.23 
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APPENDIX 3 – QUESTIONNAIRE 
Additional questions for Triple Green project farmers
 Farmer’s name: 
A1 How many seasons have you been part of the project? 
1 year 2 years 
A2. What crop did you irrigate during the experiment? 
1. Maize  
2. Teff 
3. Wheat 
4. Barley  
5. Sorghum 
6. Other:___________ 

A3.1 Have you used the pond water for other purposes than irrigation in 
the TG experiment  during the last two years as well? 
Yes No 
A4 If yes, specify what purposes (multiple choice question): 
1. Cereals 
2. Seedling 
3. Vegetables 
4. Fruits 
5. Livestock 
6. Drinking water 
7. Other:_____________ 

 
A5 What is the distance between the pond and the fields/plots where 
you used the water for irrigation?  
Plot What was irrigated last year? Distance to pond  (m) 
1   
2   
3   
4   
5   

 
A6. If you continue with RWH and supplementary irrigation for cereals 
after the project, what would be your concerns? Grade 1-5 how well you 
agree with each statement (1 = fully agree, 2 = agree well, 3 = agree to 
some extent, 4 = agree only a bit, 5 = not at all). 
“ The pond risk breeding  mosquitos with malaria ”      

“ The irrigation of cereals is too time consuming ”       

“ The irrigation procedure requires too heavy work load ”      

“ The maintenance of the pond and geomembrane requires too heavy work 
load ” 

     

“ The maintenance of the pond and geomembrane cost too much money ”       

“ The pond water could be used for economically better purposes than cere-
als“ 

     



Supplemental irrigation of cereals in semi-arid areas in Ethiopia - is it worth the effort? 

 

51 

“ Someone else could steal the water easily “      
 

“There is a high risk the geomembrane gets stolen”      

Other________________________________________________________      

 
A7. Describe how you would do if you had to irrigate one tamad of cere-
als (the standard field ¼ ha) using the water in your pond. Given the 
equipment you have today, how would you get the water out from the 
pond, and what would you use to apply the water to the crops?  
________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________ 
A8. What could be done in order to make the supplementary irrigation 
for cereals more efficient and attractive? (Open question) 
________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________ 
A9. What do you think can be done already for the coming crop season? 
(Open question) 
________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________ 
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APPENDIX 4 – PARAMETERS FREQUENCY DISTRIBUTION 

  

Fig. A1. Some of the parameters frequency distribution for the accepted runs in 
the soil calibration. Peaks describes at what values of the parameter the model 
outputs were in line with the measured values according to the predefined criteria 
(good fit).  Total conductivity = hydraulic conductivity. 

Fig. A2. Parameters frequency distribution for the accepted runs (69/10000) for 
the plant growth calibration. The four top figures show peaky distribution while 
the figures below have ranges that g ive the uniform performance. 
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APPENDIX 5 – OUTPUT RESULTS FROM MODELLING OF 
OPTIMIZATION OF IRRIGATION SCHEME 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. A3. The minimum biomass produced one year during 1980-2009 (worst year 
due to drought) for different irrigation schemes. 
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Fig. A4. Total number of irrigations during 1980-2009 for different irrigation 
schemes. 
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Fig. A6. The mean water response during plant growth 1980-2009 for different 
irrigation schemes.  If irrigation response is 1 the plant growth is not at all 
restricted by lack of water. 
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Fig. A5. Irrigation efficiency as the total biomass produced divided by the total 
amount of water used during 1980-2009.  
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Fig. A7. The standard deviation of produced biomass over the period 1980-2009 
for different irrigation schemes. 
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APPENDIX 6 – FIGURES TO EVALUATE GRAIN YIELD 
MODEL WITH MEASURED DATA 

 

 
 

Fig. A8. Modelled (green) and observed (blue)grain yield plotted together. Values 
from block four are clearly deviating from the remaining measurements. 

0 5 10 15 20 25 30 35 40
0

50

100

150

200

250

gr
ai

n 
yi

el
d 

[%
 re

la
tiv

e 
TT

]

Data points. Block 1 = 1-8, block 2 = 9-16, block 3 = 17-24, block 4 = 25-32, block 5 = 33-40
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Fig. A9. The modelled vs observed values for 2013 (left) and 2012 (right).  
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