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Abstract 

Enhancement of the African rice production is vital for the food security of the steadily 

increasing population of sub-Saharan African (SSA). Raising the production level (on 

field and national scale) is a complex task and contains many threads and uncertainties 

with possible consequences of misinvestments and potential harvest failures. AquaCrop, 

published by the Food and Agriculture Organization (FAO) of United Nations, is a crop 

modelling tool with a low input data demand and special focus on yield response to wa-

ter and helps to identify factors of an acreage hampering crop cultivation. The pro-

gramme is mainly intended for practitioners such as governmental agencies, NGOs, and 

various kinds of farmers associations. It has been successfully applied several times for 

various crops in arid and semi arid regions. However, a large investigation gap can be 

stated for rice, since its model appliance for rice is to the present time rather little. 

 

Hence, AquaCrop has been used for the first time to simulate rice crop growing cycles in 

tropical conditions in a West African inland valley within this study. The goals were on 

the one hand to evaluate AquaCrop´s capabilities to compute rice crop cultivations cy-

cles in such an environment and on the other  to judge several production managements 

(SAWAH fertilized, SAWAH non-fertilized, Traditional-fertilized and Traditional non-

fertilized) especially focusing on absolute yields and water productivities. 

 

The study revealed that AquaCrop can be a good tool to support decision makers to opt 

for the development of a particular site or management scheme while minimizing uncer-

tainties and risks at low cost expenditures. It can help to give farmers suggestions on 

how to maximize crop yields and optimize water productivities.   

 

Modelled grain and biomass yields matched well with observed values for both analysed 

seasons (dry and wet season) for all applied management treatments (R2>0.9), although 

multiple programme weaknesses have been discovered while modelling. However, on 

the basis of the computation result it could be concluded that (i) in general fertilized 

fields performed more efficient than unfertilized fields and (ii) that the SAWAH water 

management scheme performs best referring to crop transpiration and evapotranspira-

tion rates. Merely (iii) the ratio of water deployed and yield obtained, suggested a com-

petition advantage for the traditional system. These findings lead to the conclusion that 
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the SAWAH system should be favoured in areas where water is abundant and water 

utilization conflicts are excludable. On the contrary is the traditional system more suit-

able for areas with limited water availability, because it is more frugal with water re-

sources by only a slight yield decrease. 

 

Zusammenfassung 

Die Steigerung der Reisproduktion ist für die Ernährungssicherung der stetig wachsen-

den Bevölkerung der Länder von subsahara Afrika von größter Wichtigkeit. Die Anhe-

bung der Produktionslevel (auf Feld und nationaler Ebene) ist eine komplexe Aufgabe 

und beinhaltet viele Ungewissheiten und Gefahren, die zu Fehlinvestitionen und poten-

tiellen Ernteausfällen führen können.  

 

AquaCrop, veröffentlicht von der Food and Agriculture Organization (FAO) der Verein-

ten Nationen, ist ein Getreide-Modellierungsprogramm mit wenig Eingabeparametern 

und einer speziellen Fokussierung auf Ernte Entwicklungen in Bezug auf Wasserverfüg-

barkeit. Mittels dieses Programmes können Faktoren identifiziert werden, die das Ge-

treidewachstum in einem bestimmten Gebiet behindern. Das Modell ist hauptsächlich 

für die praxisorientierte Anwendung gedacht, wie zum Beispiel durch Behörden, Nicht-

regierungsorganisationen (NGOs) und alle möglichen Arten von Bauernverbänden. Das 

Programm wurde bislang mehrere Male, hauptsächlich in ariden und semi-ariden Gebie-

ten, erfolgreich für verschiedene Getreidesorten angewandt. Im Gegensatz dazu besteht 

eine große Forschungslücke für die Verwendung von AquaCrop in der Reismodellierung, 

besonders in tropischen Klimazonen. Hier fand das Model bis zum heutigen Zeitpunkt 

kaum Anwendung. 

 

Daher wurde in dieser Arbeit AquaCrop das erste Mal herangezogen, um Reisanbauzyk-

len in einem tropischen inland valley in Westafrika zu simulieren. Ziel war es, auf der 

einen Seite die Reisanbau-Modellierungsfähigkeit von AquaCrop und auf anderer Seite 

verschiedene Reis-Anbautechniken (SAWAH gedüngt, SAWAH ungedüngt, Traditional 

gedüngt and Traditional ungedüngt) bezüglich ihrer absoluten Ernten und Wasserpro-

duktivitäten zu bewerten.  
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Die Studie zeigte auf, dass AquaCrop ein gutes Werkzeug sein kann, um Entscheidungs-

trägern dabei zu helfen, sich für die Entwicklung einer bestimmten Fläche oder Anbau-

technik zu entscheiden. Da es das Potential besitzt, bei geringer Kostenaufwendung et-

waige Unisicherheiten und Risikos zu identifizieren. 

 

Modellierte Getreide- und Biomasseernten reflektierten die gemessenen Ernten der bei-

den Saisons (Trocken- und Regenzeit) in allen Anbautechniken gut wieder (R2>0.9), ob-

wohl einige Programmschwächen, während der Computersimulierung gefunden werden 

konnten. Auf Grundlage der Simulationsergebnisse konnte geschlussfolgert werden, 

dass (i) im Allgemeinen die gedüngten Felder mehr Ernte als die ungedüngten produ-

zierten. (ii) Das SAWAH Wassermanagement zeigt die besten Ergebnisse in Bezug auf 

die Werte der Getreidetranspiration und Evapotranspiration. Lediglich (iii) im Zusam-

menhang mit Wasserbereitstellung und Ernteproduktion zeigte das traditionelle Was-

sermanagement klare Wettbewerbsvorteile gegenüber dem SAWAH System. 

 

Diese Ergebnisse führen zu der Schlussfolgerung, dass das SAWAH System in Gebieten, 

in denen Wasser im Überfluss vorhanden ist und Wassernutzungskonflikte ausgeschlos-

sen werden können, bevorzugt werden sollte. Im Gegensatz dazu ist das traditionelle 

System gut für Gebiete mit limitierter Wasserversorgung geeignet, da es bei deutlich 

weniger Wassernutzung nur minimal kleinere Ernten erzeugt als das SAWAH System.  
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1 Introduction 

 

1.1 General introduction 

In the last few decades the global demand for rice (Oryza sativa) was steadily rising 

(Seck et al. 2010). Rice developed to a staple food providing basic nutrition for more 

than half of the worlds population (Stoop et al. 2009). Particularly in West Africa the rice 

consumption augmented from 1.3 to 14 million tonnes between 1961 and 2009, with 

significant increase acceleration within the last ten years (FAO, 2012). In Benin, the an-

nual rice consumption increased by 47 % between 2001 and 2005 (Fofana et al. 2011). 

Although the rice demand is steadily rising all sub-Saharan African (SSA) countries fail 

to satisfy national demands with their own production level (Seck et al. 2010).  

The steep increase on rice demand in West Africa has several reasons. A major explana-

tion is the annual population growth of 4 %, but also increasing incomes and a consumer 

preference shift in favour of rice contribute greatly also (Balasubramanian et al. 2007). 

This lead to a rising popularity of rice as a staple food by both low and high income SSA 

countries especially in urban areas (Reardon, 1993). The average annual increase of 

consumption (4.5 %) and production (3.2 %) level has lead to a decline in rice self suffi-

ciency for the past 40 years. In Benin, the self sufficiency ratio (produc-

tion/consumption) has shrunk from 112 % in 1961 to 60 % in 2005 (Stryker, 2010). 

With the result that, although Benin produced 109 000 tonnes of rice it had to import 

180 000 tonnes, leading to a ratio of only 38 %, in 2008 (FAO, 2012).  

 

The general prospect of a declining self sufficiency ratio in SSA together with an annual 

world market rice price increase of 2.5 – 3 % until 2017 (USDA, 2008) could lead to a 

strain on national food security, economic capacity and inner political permanence of 

SSA countries beyond their threshold. To stem the risk of severe staple food shortages 

the annual rice production has to be increased in such a way that national demands can 

be met. 

In general, the current situation is dominated by three main rice production ecologies 

across Central and Western Africa which are namely (i) rain fed upland, (ii) rain fed low-

land and (iii) irrigated (Defoer et al. 2004). Irrigated production system out competes 

the remaining, by promising the highest yield by eliminating water scarcity as one of the 

major plant growing constraints (Boling et al. 2004). Currently, the irrigated ecology 



2 
 

contributes about 33 % to the total of SSA´s rice yield though it covers only 14 % of the 

entire rice cropped area (AfricaRice, 2009). Although the fact of rice irrigation expansion 

has been discussed controversially regarding the soaring surge of water of future scar-

city (Seck et al. 2010),it is a sustainable extension, in areas providing fertile soils and 

sustainable water management practices in a low energy-cost environment, a logical 

step to enhance the rice productivity in SSA. 

Sites characterized by sufficient water resources (seasonally or all year around) and the 

appearance to have a high potential for rice production without major inputs can be 

found widely distributed across SSA and are called inland valleys (Windmeijer and An-

driesse 1993). Benin’s inland valleys cover approximately 200 000 hectares (Assigbé 

and Mama, 1993) of its nation’s territory, but only 8 % are utilized for crop production 

(Giertz, 2004). Inland valleys offer good expansion possibilities for rice production due 

to low opportunity costs and the favourable hydrological conditions. This gives a versa-

tile crop like rice a clear advantage in agronomic terms compared to other staple crops 

(Lançon and Erenstein, 2002).  

 

Worldwide commonly applied irrigated rice production systems are based on a ponding 

water layer (paddy rice). A particular paddy rice technique which is additional charac-

terized by soil bunds, multiple soil levelling and puddling procedures for field prepara-

tion is called SAWAH system (Wakatsuki et al. 1998). This system demonstrated in low-

land field experiments in Ghana to increase nutrient and water utilization in rice cultiva-

tion with the result to enhance yield production (Buri et al. 2012). It focuses strongly on 

maximizing total yield production and obtains high crop yields according to Abe and 

Wakatsuki (2011). Following Wakatsuki (1998) and Abe and Wakatsuki (2011) SAWAH 

system delivers higher crop yields than management systems with lower water de-

mands which are called for instance: “Intermittent Irrigation”, “Alternative Wetting and 

Drying”, and “Saturated Soil Conditions” (Boonjung et al. 1996; Borrell et al. 1997; Bou-

man et al. 2001; Tabbal et al. 2002). The SAWAH system fits well to findings of De Datta 

(1981) who declared: “most rice varieties maintain better growth and produce higher 

grain yields when grown in a flooded soil than when grown in nonflooded soil" by sup-

plying a water surplus throughout the entire growing cycle. 

However, considering this statement, the often discussed increasing future global water 

scarcity owed to a growing world population (Bouman et al. 2001) and a progressive 
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climate change (Rijsberman 2006) it is doubtable that rice cultivation can deny the in-

evitable shift of focus from an absolute output maximization approach towards a more 

water efficient cultivation system. This assumption is supported by Abedinpour et al. 

(2012) by stating that, in 2000, roughly 75 % of all water withdrawals accounted for 

agricultural purposes in developing countries with an estimated increase necessity of 14 

% by 2030 in order to meet food demands.  

Realizing this development several research teams have put effort into the transforma-

tion towards the development of deficit irrigation schedules for several crops (Heng et 

al. 2007; Blum, 2009; Geerts and Raes, 2009). Within most studies scientists discovered 

that the examination of yield response to different water applications in field trials is 

laborious, time intensive and expensive. Considering such restraints, modelling crop 

growing cycles (here in this study rice growing cycles) with the help of computer tools 

under various management systems can be a good alternative to derive viable results 

faster and at low costs. Such results would assist in the formulation of recommendations 

to farmers and other involved players and provide the foundation for strategies to 

maximize field yields and the effect of artificial irrigation applications. 

In this study, the crop model AquaCrop was deployed to simulate rice yields in response 

to several management schemes for an inland valley (IV) in West Africa. The goal was 

twofold; firstly to test the modelling performance of AquaCrop as a yield prediction tool 

for rice cultivation. Secondly, to give on the basis of the simulation results an evaluation 

of several rice cultivation managements based on their yield and water productivities. 

Suggestions for the best suited system have been derived, by comparing the SAWAH sys-

tem to a system which operates with just saturated soil conditions, here called tradi-

tional system. This information will be of high value for farmers and other decision 

makers being involved in enhancing field productions, in order to meet national food 

(rice) demands. 

 

This study has been embedded in programme two “Sustainable Productivity Enhance-

ment” within the SMART-IV project (SAWAH, Market Access and Rice Technologies for 

inland valleys) hosted by AfricaRice and may help to fulfil the goals set by the Africa Rice 

Centre and to overcome the food production stagnation of the past 40 years in SSA (San-

chez, 2002). 
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1.2 Rice in Africa 

Rice belongs to the genus Oryza. Tateoka (1964) distinguished 22 different species. 

These species are distributed in the humid tropics of Africa, America, Asia and Oceania, 

with some of them confined to Madagascar or Australia. 

According to Chang (1985) the common ancestor of all known rice species evolved be-

fore the super continent Gondwanaland fell apart, more than 100 million years ago. 

Therefore, are all rice species, as well as the only two cultivated ones (O. sativa L. and O. 

glaberrima Steud.), considered to have evolved by independent and parallel evolution-

ary processes (Sarla and Mallikarjuna Swamy, 2005). Oryza sativa, originally native to 

China, India and Thailand, is nowadays a major food crop worldwide and can be dated 

back 7000 BC (Oka, 1988).  

Oryza glaberrima is endemic to Africa and has initially developed in swampy basins of 

the upper Niger River delta in West Africa around 1500 BC (Sarla and Mallikarjuna 

Swamy, 2005). Both cultivated rice species developed from an unknown common ances-

tor passing through several stepping stone stages to the known varieties today (Figure 

1). 

 

 

The Africa Rice Centre, as a leading authority regarding various kinds of rice research in 

Africa, developed as a major breakthrough various new rice varieties called NERICA 

(New Rice for Africa), which is the first wide scale success in crossing O. glaberrima and 

O. sativa. NERICA combines traits of O. glaberrima such as weed competitiveness, 

drought tolerance, resistance to local pests and diseases and the ability to grow under 

low input conditions with a high yield potential of O. sativa. A summary of the key char-

acteristics of O. sativa and O. glaberrima is shown in the table below. 

 

Figure 1: Development of modern O. sativa (Asian rice) and O. glaberrima (African rice). Dotted line needs 
molecular evidence for link confirmation (adapted from Chang, 1976). 
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In the time span of 2000 - 2006, AfricaRice designated 18 upland NERICA and 60 low-

land NERICA varieties, all being tested on farmer’s fields across SSA on their particular 

performance and tolerance levels to biotic and abiotic stresses. Within this time span of 

six years NERICA varieties have been implemented on 200 000 ha and helped so to raise 

rice production levels throughout SSA. For instance could Uganda, decrease its rice im-

ports between 2002 and 2007 by halve by introducing and expanding NERICA to 35 000 

ha (AfricaRice, 2010).  

 

1.3 Characteristics of the SAWAH and traditional cultivation system 

Rice in Africa is mainly grown under rain fed conditions. According to Seck et al. (2010) 

from about 8.4 million ha of rice acreage in SSA in 2007, about 40 % is situated in the 

upland ecology (contributing 19 % to total rice production), 37 % in the rain fed low-

land ecology (contributing 48 % to total rice production) and 14 % in the irrigated ecol-

ogy (contributing 33 % to total rice production). The remaining 9 % is covered by deep-

water and mangrove rice.  

 

Abe et al. (2011) stated that for the past 20 years a slow shift is notable from the pre-

dominant (rainfed) upland rice production in West Africa, toward lowland cultivation 

systems. Reasons for this transformation are mainly soil degradation, water scarcity 

(Hirose and Wakatsuki, 2002; Sakurai, 2006) and detection of the widespread distribu-

tion of unexploited lowlands, called inland valleys, over SSA with a higher better poten-

Table 1: Characteristic summary of O. sativa L. and O. glaberrima (adapted from Sarla and Mallikarjuna 
Swamy, 2005). 

Property  Oryza sativa Oryza glaberrima 

Distribution Cosmopolitan Endemic to West Africa 

Habit Essentially perennial  Annual 

Varietal differences High variation Limited variation 

Lodging Rare Frequent 

Drought resistance Poor High 

Ligules Long 40–45 mm, pointed, thin  Short 6 mm, oblong, thick 

Panicle branching Many None or few 

Grain number High (up to 250 grains/panicle) Low (75–100 grains/panicle)  

Grain Easy to mill  Difficult to mill 

Seed dormancy  Low High 

Seed shattering  Low High 

Protein Low High 
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tial for rice production, due to better water availability (Windmeijer and Andriesse, 

1993). 

Irrigated lowland rice, also named paddy rice, is characterized by bunded fields, a pond-

ing water layer and seedling transplantation after seeds have been raised to a certain 

height in a plant nursery. The SAWAH system incorporates additional to these mecha-

nisms field individual irrigation and drainage channels and in the course of field prepa-

ration soil puddling and levelling (Hirose and Wakatsuki, 2002). The word SAWAH 

originates from Malayo-Indonesian and is used by several authors to separate the paddy 

rice from specifically intensified man made rice fields (Abe and Wakatsuki, 2011). Pud-

dling indicates harrowing (with a how or a technical device named hydrotiller) under 

shallow submerged conditions to create a soil pan which reduces soil permeability and 

percolation losses (Bouman et al. 2007b). Levelling means the process of eliminating 

disturbing slopes and other obstacles in the field to guarantee a good water flow to all 

crop plants within the field. 

In the present study the SAWAH system has been utilized to guarantee that rice plants 

are embedded from one week after transplanting until flowering in a ponding water 

layer of 5 cm, followed by a water layer of 10 cm until two weeks before harvest when 

irrigation has been stopped.  

 

The traditional system applied in this study is quiet similar to the system of Saturated 

Soil Culture (SSC) proposed by Hunter et al. (1980). The system received the similar 

field preparation as the SAWAH system and has the same bunded fields. Exception is the 

amount of soil puddling procedures, which has been done only once instead of twice as 

the SAWAH system. The major difference can be found in the irrigation application. In 

the traditional system water application to fields has been done every 5 days, but only to 

restore saturated soil conditions by avoiding any ponding water layer. That reduces the 

water pressure head on the field and minimizes seepage and percolation losses to the 

ground. A characteristic summary of both cultivation systems can be found in Table 2. 
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1.4 Modelling of rice potential on field scale and choice of model 

Nowadays, a combination of tools are available to assess the feasibility of agricultural 

expansion such as remote sensing in combination with various modelling tools, being 

able to model crop growing cycles. 

Favourable agricultural areas for rice cultivation are here defined as areas that have no 

major constraints hampering crop cultivation, such as severe water stress, soil toxicity, 

labour shortage or certain topographical obstacles denying access. Once an area has 

been identified for instance trough analyzing satellite images, it is desirable to estimate 

potential yields under different management strategies in order to assess its agricultural 

potential. A very powerful option to identify potential yields and possible crop cultiva-

tion constraints of particular areas are crop modelling tools (Droogers and Hunink, 

2012). The use of models can assist in evaluating and reducing time intensive and ex-

pensive field tests (Whisler et al. 1986). Model results with regards to crop performance, 

management and yield estimates will help decision makers to decide for a site develop-

ment or against it and can give farmers suggestions which management system is suited 

best for a particular field, by estimating the yield and crop water productivity optimum. 

This method allows for an agronomic cost evaluation and highlights potential develop-

ment uncertainties. SSA countries and their residential farmers can minimize the risk of 

agricultural development failures by analyzing prospects of potential sites in detail and 

adjusting management strategies to particular fields exactly in order to enhance crop 

yields and crop productivities.  

Frequently applied agricultural models are: CropSyst, CERES, DSSAT, EPIC, CropWat,  

SWAP/WOFOST and AquaCrop (Hunink and Droogers, 2011). All these models possess 

the ability to simulate crop growth for a range for crops. Differences between the models 

can be found in the representation of physical processes and the main focus of the 

model. Some models are strong in analysing the impact of fertilizer use, the ability to 

Table 2: Main characteristics of the SAWAH system and the traditional system. 

Specification SAWAH system Traditional system 

Crop transplanting Yes Yes 

Soil levelling Yes Yes 
Soil puddling Twice Once 

Soil bunds Yes Yes 

Irrigation If needed daily Max. Every 5 days 

Ponding water layer Yes No 

Surface run off No Yes 
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simulate different crop varieties, farmer practices, etc. However, for this project it is re-

quired to use a model with a strong emphasis on crop-water-climate interactions. The 

three models that are specifically strong on the relationship between water availability, 

crop growth and climate change are CropWat, AquaCrop and SWAP/WOFOST. More-

over, are these three models in the public domain, have been applied world-wide fre-

quently, and have a user-friendly interface. 

For this study the use of SWAP/WOFOST has been neglected, because the available data 

was insufficient to satisfy programme demands. Therefore it has been decided to apply 

AquaCrop within this study, since it is the successor of CropWat featuring new adjust-

ment options to reproduce the crop environment in more detail.  

AquaCrop is designed to simulate biomass and yield responses of field crops to various 

degrees of water availability. AquaCrop is developed by the Land and Water Division of 

the FAO first published in 2009. The model has been widely applied, since its release, to 

model various crops, water regimes and climatic influences. For instance for barley in a 

semi and arid environment (Araya et al. 2010a), cotton in semi-arid conditions (Fara-

hani et al. 2009; Garcia-Via et al. 2009), maize in semi-arid conditions (Heng et al. 2009; 

Stricevic et al. 2011; Abedinpour et al. 2012), sunflower in semi-arid conditions (To-

dorovic et al. 2009), teff under semi and arid conditions (Araya et al. 2010b) as well as 

quinoa (Geerts et al. 2010) and wheat (Andarzian et al. 2011) in arid areas. The results 

of these experiments showed that AquaCrop can be a vital tool by promoting sustainable 

management options to improve water productivity and yields in arid and semi-arid 

climatic conditions. Due to the fact that the majority of studies have been conducted in 

arid and semi-arid environments a general lack for model application can be stated for 

tropical and subtropical conditions. This research gap can be especially underlined for 

the crop rice where so far, to my knowledge, only Lin et al. (2012) and a research team 

led by Saadati published some results based on data derived from a semi arid environ-

ment at the International Congress on Irrigation and Drainage in Tehran in 2011 and . 

Raes et al. (2010) recognized this little model appliance for rice as well and defined 

therefore its overall calibration grade for rice only with a minimum grade.  

 

This study aims, for the first time, at evaluating the applicability of AquaCrop for rice 

cultivation systems in a tropical inland valley in order to assess soil related bio-physical 

inland valley constraints as well as understand its effect on rice production potential.  
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This study assists in tapping the huge agricultural potential of SSA´s rice productivity 

and food security in order to close the gap between food productivity level and popula-

tion growth. This can be achieved either by identifying and developing new agricultural 

sites or by increasing field productivities of a particular site based on an optimization of 

the cultivation technique. On the basis of modelling results decision makers can decide 

for a development of a site or against it and farmers can be given advice to maximize 

yields and crop productivities. It might also be valuable to help adjust future cropping 

systems better to environmental conditions, permits better planning and more efficient 

management of crop production processes.  

 

2 Study aim 

The overall goal of this study was to: 

 

(i) To evaluate the modelling performance of AquaCrop as a yield prediction tool for 

rice cultivation in a tropical inland valley 

(ii) Assess various rice cultivation systems, especially focusing on water manage-

ment practices and its effect on rice productivity in inland valleys 

 

The main research questions to address these objectives are: 

 

 Is AquaCrop able to model the observed crop performance and rice productivity 
in an inland valley? 

 
 Is AquaCrop able to simulate the complexity of the soil-water interaction, in par-

ticularly the water balance of inland valleys? 
 

 Possesses the SAWAH cultivation system competition advantages over the tradi-
tional rice production system regarding several water productivity indices? 

  



10 
 

3 Material and Methods 

3.1 Study site 

 

3.1.1 Geographical, hydrological and pedological characteristics 

The study site (7°12 N; 2°24 E; Elevation of 36m AMSL) is located in Bamè, a small vil-

lage belonging to the municipality of Zagnanado, approximately 100km north of Coto-

nou, the economical capital of Benin (Figure 2).  

 

 

 

The experimental site is situated on the fringe of a stream inland valley (Windmeijer and 

Andriesse, 1993), belonging to the Ouémé River catchment, which covers in total 51 000 

km2 (Thamm and Judex, 2008). Stream IV’s are according to Windmeijer and Andriesse 

(1993) defined as the uppermost parts of a natural drainage systems. Inland valleys 

have a centrally-located stream which is shallow, or it does not exist at all. The Bamè IV 

possesses a little stream which is indicated in Figure 3 by the denomination “irrigation 

channel”. Flooding of stream IVs is mainly the result of the accumulation of surface run 

off and ground water flow from the adjacent uplands and from rainfall. Inland valleys 

comprise a toposequence continuum from uplands to the valley bottom. Ecosystems 

vary from upland in the highest parts, through hydromorphic conditions lower down the 

slopes, to swampy in the valley bottoms. Soil and water key-parameters, determining 

the potential for (rice) cultivation, are closely related to the location on the topose-

quence (Windmeijer and Andriesse ,1993). 

Figure 2: Benin with its administrative districts. It is situated in the west of the African continent. Blue point 
marks Cotonou, the economical capital of Benin. Red point represents the location of the study site Bamè. 
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The inland valley Bamè (Figure 3) covers approximately 35 hectares and belongs ac-

cording to a classification of Raunet (1985) summarized in Giertz (2004) to the Sudan-

Guinea-Zone (sudano-guineen). 

 

 

It is characterized by a concave shaped cross section, a gently tilted longitudinal profile. 

The valley is portrayed by a flat bottom in the centre (Giertz, 2004). The adjacent incli-

nations surrounding the flat central bottom, feature slopes between 1 and 2 % and are 

characterized by colluvial sandy soils. The site´s top soil texture is composed by sand, 

silt and clay contents ranging between 74-95, 2-23 and 2-15 %. The site´s water supply 

is secured by the perennial flowing creek “Tao”. The creek´s source is situated 5 km west 

to the experimental site. 

Figure 3: Bamè inland valley with indicated experimental site (dark green), Tao creek (blue line) flowing 
from north to south west, weather station (black square), Bamè village settlement and adjacent land uses. The 
land use within the valley is mainly sugar cane and maize, especially in the southern part. The northern part 
is dominated by rice cultivation and horticulture. 



12 
 

 

3.1.2 Local climate 

West Africa can be divided in three climatic regions. These comprise of the West-Sahel, 

Central Sahel and Guinea Coast climate region (Fink et al. 2008). Benin belongs to the 

Guinea Coast climate region and is situated in a transition zone between the equatorial 

tropical climate in the south and an arid steppe climate in the north. Its sub-humid cli-

mate is influenced by both the cool and moist monsoon air mass, as well as the hot and 

dry Saharan air mass. The Inter-Tropical Front (ITF) defines the border between these 

two air masses (Ermert and Brücher, 2008). Although the research site (7°12 N; 2°24 E) 

is situated in the transition zone of the above mentioned climates can the weather pat-

terns can mainly be explained by the influence of the moist monsoonal air flow dominat-

ing the coastal parts of Benin. 

 

This is reflected in the minimal annual variation of the average relative humidity, re-

maining above 60 % throughout the year and a little variation of mean daily tempera-

tures (Ermert and Brüche, 2008). However, the influence of the north-easterly Harmat-

tan Winds during winter (November - March) is in the Bamè region more notable than at 

the coast, reducing the minimum relative humidity by several degree points compared 

to observations at the coast. Figure 4, presents in detail the recorded weather pattern in 

Bamè IV for 2011. 
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In 2011, mean temperatures ranged between 26 and 29°C throughout the year. A mini-

mum temperature of 14°C was recorded in January and a maximum of 37°C was ob-

served in March. Relative humidity ranged between 33% and 100 % with a yearly aver-

age of 77 %. The rainfall distribution is bimodal (typical for equatorial tropical climate) 

with an intense wet season from April to June and a less intense wet season from August 

to September. A small (July) and a big (November – December) dry season, with almost 

no rainfall, have been noted. Total observed rainfall in 2011 was 1095mm.  

The recorded values indicated common weather patterns for this region, as they are 

within the range of long term averages (1961 - 1990) stated by Ermert and Brücher 

(2008) for this region.   

 

3.2 Experimental site  

Within the framework of the SMART-IV project, a field experiment was set up in 2010, 

with the aim to derive data for several consecutive wet and dry seasons for multiple rice 

cultivation practices, regarding fertilization and water management systems along an IV 

slope (compare Figure 3 for position in the inland valley).  

The layout of the experiment is a split-split plot design which consisted of a total of 48 

similar plots, each with a dimension of 10 x 10m (total area of experimental site 

 

Figure 4: Weather parameters at Bamè research site, recorded by a weather station on site (Data: SMART-IV 
Project, AfricaRice 2011). 
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4800m2). All plots are surrounded by soil bunds and can be individually irrigated and 

drained by separate irrigation and drainage tubes, which are connected to a system of 

drainage and irrigation channels. Field irrigation inlets are placed in each field close to 

the top bund depending on what side the irrigation channel is situated either on the left 

or the right side. Drainage outlets are placed in a similar way except that they are lo-

cated close to the lower bund.  

The irrigation design watered the entire soil surface in each plot, called surface wetting. 

Drained water has been discharged to the neighbouring acreage, outside the experimen-

tal set up (south-easterly direction). Figure 5 visualizes the experimental site set up. For 

this study only data of toposequence 2 – 6 have been analyzed, because toposequence 1 

showed disturbed soil patterns (probably due to the construction of the top channel) not 

reflecting representative soil characteristics for this IV.  

 

 
Figure 5: Experimental site set up: Top channel indicates the perennial flowing channel "Tao" with two out-
lets to supply the experimental site; Long arrows indicate the water flow direction; Light blue = irrigation 
channel; dark blue = drainage channel. Short arrows designate water inlet and outlet positions individually 
for each plot. All fields can be drained and irrigated individually. Yellow = Non-Fertilized fields; Green = Fer-
tilized fields; TP 1 – TP6 indicates the toposequence of the field and black squares indicate groundwater 
measuring points. 
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3.3 Management treatments 

The investigated management treatments have been combinations of different water 

managements and fertilization schemes. Regarding water management, two different 

systems, the SAWAH (1) and the traditional (2), have been used: 

 
1) SAWAH system  

 0 - 7 Days after transplanting (DAT): saturated soil conditions 

 7 DAT till flowering initiation: standing water layer of 5 cm on top 

 Flowering till 2 weeks before harvest: standing water layer of 10 cm on top 

 14 days before harvest until harvest: no irrigation 

2) Traditional system  

 0 – 7 DAT: saturated soil conditions 

 7 DAT – 14 days before harvest: Irrigation every 5 days to restore saturated soil 

conditions, unless the amount of precipitation was sufficient to saturate soil. 

Drainage pipes are constantly open in order to simulate a non-bunded field with 

surface run off for both irrigation and precipitation 

 14 days before harvest until harvest: no irrigation 

 
Within each water management treatment was a: fertilized (1) and non-fertilized (0) 

scheme. During fertilizer application plots were drained and no irrigation for the follow-

ing 4 days has been invoked. 

 

0) Non-Fertilized management 

No additional mineral or organic fertilizer has been administered in the growing period. 

 

1) Fertilized management 

 0 DAT: 4.2kg/plot of NPK (10–20–10) respectively 420 kg ha-1 (N: 42 kg ha-1; P: 

84 kg ha-1; K: 42kg ha-1) 

 Panicle initiation: 0.75 kg/plot of urea, respectively 75 kg ha-1  

 Flowering initiation: 0.75 kg/plot of urea, respectively 75 kg ha-1  

 

Hence, the four management treatments are: 

 SAWAH Fertilized  

 SAWAH Non-Fertilized  

 Traditional Fertilized  

 Traditional Non-Fertilized 
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These four systems have been applied for the dry season (February - June) and the con-

secutive wet season (August - December) in 2011. Every combination of water and fer-

tilization treatment was replicated twice within a complete toposequence in the experi-

mental. These linear sequences are referred as repetition one and two. Every plot has 

been coded with a 4-digit number according to its management technique (1=SAWAH; 

2=Traditional), Sequence number (1=Repetition-1, 2=Repetition-2), Nutrient supply 

(1=fertilized; 0=non-fertilized) and its topographical position in the field 

(1=Toposequence-1; 2=Toposequence-2; […]; 6=Toposequence-6) compare Figure 6 

and Figure 7. 

 
Example: 
 

 

 
 

 
Figure 6: Example of a field code: The particular field is SAWAH managed, is the second repetition, did receive 
fertilization and is situated at Toposequence 3. 

Figure 7: Schematic plot set up of the experimental site in Bamè. 
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3.4 Plant material  

For both seasons the rice variety NERICA L-19 has been used. This variety is especially 

adapted to African lowlands. It is characterized by a high iron and aluminium toxicity 

threshold and a good blast, lodging and shattering resistance. The variety has a produc-

tion cycle of about 120 days, responds well to nitrogen inputs and has a potential yield 

of 5-7 t ha-1 (personal communication: Saito, 2012). 

 

3.5 Experiment implementation 

 

3.5.1 Field preparation 

The experiment took place between January and December 2011, including field prepa-

ration, plant nursery, transplanting and harvest. 

 

All plots have been surrounded by 25 cm high soil bunds and possess separate drainage 

and irrigation alignments. All plots are cleared of obstacles and plant material. All plots 

are irrigated to saturation point, ploughed (SAWAH managed plots received two con-

secutive ploughs) and received a final soil puddling by a powertiller. Eventually all fields 

are levelled with the aid of an applied low standing water layer, in order to guarantee 

comparable plot conditions. Prior to transplanting all fields are flooded and subsequent 

drained until no standing water layer (saturation point) has been observed on fields. 

 
3.5.2 Plant preparation 

Seeds have been raised in a nursery to a plant height of 15-20 cm (approximately two 

weeks), before being transplanted into the appointed research plot. Seedlings have been 

transplanted with a spacing of 25 x 25 cm, ergo 16 plants per m2.  

 
3.5.3 Data collection 

During the growing cycle all fields have been managed according to their selected man-

agement schedule. 

Data recording started at day of transplanting, not taking any data from the plant nurs-

ery into account. Climatic data have been collected by a weather station on site. Top soil 

sampling (top 5 cm) of every plot was performed and analyzed on soil texture using 

Stoke´s law and the international pipette method (Piper, 1966). Soils have been ranked 

according to the USDA soil texture classification. Furthermore, samples have been taken 



18 
 

in four plots (2112, 2115, 2212 and 2215), covering all in Bamè observed soil textures, 

each in the depths 2-7 cm and 22 – 27 cm, in order to define permanent wilting point 

(PWP), field capacity (FC) and hydraulic conductivity at saturation point (Ksat).  

Phenological data such as duration of plant height, leaf chlorophyll content, amount of 

panicles and tillers at each growing stage have been recorded by measuring four plants 

and calculating the value average of each harvest corner (compare Figure 8). At the end 

of the growing cycle dry grain and biomass yields have been noted and the correspond-

ing harvest index (HI) has been computed separately for every plot.  

To reproduce the water household, percolation (only toposequence 1, 3 and 5) and irri-

gation amounts have been recorded individually for each field. Groundwater levels have 

been logged for every toposequence at the slope top and the slope bottom. Table 3 

summarizes data, method, recording frequency and data purpose for the conducted 

analyses.  

 

 

Table 3: Data collected during both growing cycles at Bamè research site. 

Data Method/Source Frequency Purpose 
Climatic data    
Temperature Weather station Daily Input derivation 
Humidity Weather station Daily Input derivation 
Solar radiation Weather station Daily Input derivation 
Precipitation Weather station Daily Input derivation 
Wind speed/direction Weather station  Daily Input derivation 
Soil characteristic    
Texture 
 
 
 

Granulometry: 
Stokes' law; interna-
tional pipette method 
(Piper, 1966) 

Once ante ex-
periment  
 

Calibration  
 

Irrigation regime    
Duration of irrigation Field observation Each irrigation Input derivation 
Irrigation depth Field observation Each irrigation Input derivation 
Percolation level pre and 
post irrigation 

Field observation Each irrigation Input derivation 

Groundwater level Field observation Each irrigation Input derivation 
Crop parameters    
Duration of crop devel-
opment stage i.e. tillering, 
flowering, maturity 

Field observation 3 times Calibration 

Plant height Field observation 3 times Input derivation 
Plant density Field observation 3 times Calibration 
Harvest Index Field observation Harvest Calibration  
Grain yields Field observation Harvest Calibration 
Biomass yields Field observation Harvest Calibration 



19 
 

Grain and biomass yield have been obtained by harvesting 9 m2 equally distributed in 

every field and extrapolating the yields to a hectare (Figure 8). 

 

 

3.6 AquaCrop 

 

3.6.1 AquaCrop model specifications 

AquaCrop results from the revision of the FAO Irrigation and Drainage paper no. 33 pro-

cedures for the assessment of crop productivity in relation to water supply and agro-

nomic management (FAO, 2013). The current version predicts attainable yields of major 

crops as a function of water consumption under rainfed, supplemental, deficit, and full 

irrigation conditions (Andarzian et al. 2011). A major aim of the programme is to iden-

tify yield gaps and constraints (especially water scarcity) limiting the crop production 

(FAO, 2012). It is intended to be a decision support tool to aid practitioner-type end-

users such as governmental agencies, non-governmental organizations and farmer asso-

ciations for planning and scenario analysis in multiple locations and climates (Steduto et 

al. 2007; Steduto et al. 2009). 

 

3.6.2 General theoretical background  

For this study the programme AquaCrop has been chosen in the currently published 

version 4.0. AquaCrop advanced from the original concept of seasonal or stage yield re-

sponse to water as described by Doorenbos and Kassam (1979) to a concept of normal-

ized crop water productivity (NCWP) based on a daily time step advancement (Steduto 

et al. 2009; Araya et al. 2010b). 

 

A detailed model description is given in Steduto et al. (2009) & Raes et al. (2011a, b, c). 

Figure 8: Scheme of a research plot with indicated harvest areas. 9 m2 are equally distributed in every field 
and have been the basis for all individual grain and biomass yields. 
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Passioura (1996) stated that models follow either a scientific or engineering approach. 

Scientific means mechanistic, grounded on the theory and laws of the system function 

principles where as engineering modelling suggests to be functional, based on a mixture 

of well-established theory and robust empirical relationships, as termed by Addiscott 

and Wagenet (1985). AquaCrop is an engineering type of model mainly focused on simu-

lating the potential crop biomass and harvestable yield in response to available water 

(Steduto et al. 2009). Unique, compared to other crop modelling tools and a unique 

model feature is its separation of evapotranspiration (ET) in soil evaporation (E) and 

crop transpiration (Tr): 

ET = E   Tr                               (Eq. 1) 

This separation enables distinction between non-productive (E) and productive water 

losses (Tr). Furthermore, the reference evapotranspiration (ETo) is an active input re-

quest of the programme (Raes et al. 2011a). The concept of ETo is used worldwide to 

assess the evaporative demand of the atmosphere. ETo is the evaporation rate of a large, 

well-watered and well maintained, uniform grass or alfalfa field (Raes et al. 2011b). This 

choice enables the user to choose from different ETo derivation methods, e.g. Penman, 

Hargreavess, Blaney-Criddle and Penman-Monteith suited best for the available data. In 

this work the Penman-Monteith method as described in the FAO Irrigation and Drainage 

Paper No. 56 (Allen, 1998) has been chosen because it is physically based and explicitly 

incorporates both physiological and aerodynamic parameters. 

 

Another upgrade is the segregation of yield (Y) into biomass (B) and Harvest Index (HI) 

(Raes et al. 2011a): 

                                    (Eq. 2) 

 

That allows analyzing reactions to environmental effects (such as water stress) on both, 

the biomass and the actual yield, separately. Overall, these improvements lead to a new 

growth equation (Eq.3) at the basis of AquaCrop (Raes et al. 2011a). Where B (biomass) 

equals water productivity (WP) multiplied by crop transpiration (Tr). 

 

B = WP    Tr                            (Eq. 3) 
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Steduto et al. (2007) states that these modifications, as well as the introduction of daily 

time steps which is according to Droogers and Hunink (2012) a period closer to the time 

scale of crop responses to water deficits, enhance the robustness of the model due to 

conservative behaviour of water productivity (WP). 

 

In general AquaCrop (Figure 9) considers:  

 The atmosphere, with its thermal regime, rainfall, evaporative demand and CO2 
concentration;  

 The soil, with its water balance;  
 The management, with its major agronomic practice such as irrigation and fertili-

zation and 
 The crop, with its development, growth and yield (FAO, 2012). 

 
AquaCrop is distinguished by its strong focus on water and its assumption of a linear 

relation between biomass growth rate and transpiration through a WP parameter 

(Steduto and Albrizio, 2005; Hunink and Droogers, 2012). The model considers the soil 

water content in various soil horizons from inputs (irrigation and rainfall) and outputs 

(runoff, evaporation, transpiration and percolation). Stress factors are modelled by the 

 
Figure 9: Main components of the soil-plant-atmosphere continuum and appending driving parameters con-
sidered in the AquaCrop predictions. Continuous lines indicate direct links between variables and processes. 
Dashed lines indicate feedbacks (Explanation and Graphic: Raes et al. 2011). 
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introduction of water, air and soil fertility stress coefficients that hamper certain crop 

parameters according to the endured stress level (Raes et al. 2011c). 

 

Taking the stress level into account AquaCrop simulates elemental crop processes by 

referring to the foliage development through canopy cover (CC) instead of the often ap-

plied leaf area index (Araya et al. 2010b). It simulates the canopy cover by four crop 

specific parameters (initial canopy cover (CC0), canopy growth coefficient (CGC), maxi-

mum canopy cover (CCx) and canopy decline coefficient (CDC). Each of these effects has 

its individual threshold depletion and response curve hampering the potential plant de-

velopment according to the magnitude of stress suffered by the plant (Raes et al. 2009). 

Consecutive is the normalized crop water productivity (NCWP) used to derive the daily 

above ground biomass, expressed in g m-2, accumulation by the employment of the daily 

amount of plant transpiration (Steduto et al. 2009).  

 

The normalization of crop water productivity for atmospheric evaporative demand 

based on Eq. 4 enables the model to be applicable to a wide range of locations and cli-

mates (Steduto et al. 2006; 2009; Heng et al, 2009; Droogers and Hunink, 2012). 

 

NCWP = 
B 

 Tr ETo
                           (Eq. 4) 

 
 

Here, normal crop water productivity equals biomass yield (BY); T= Transpiration; ETo= 

Reference Evapotranspiration. 

 
Yield is calculated, at the end of the crop cycle, by multiplying the above ground biomass 

with a specific, according to plant properties adjusted, Harvest Index (HI). 

 

3.7 Adjusting of AquaCrop for Bamè research site 

 

3.7.1 General adjustment  

AquaCrop was adjusted for each, within this study considered, experimental plot indi-

vidually using parameters common for all plots such as climatic values and individual 

for every field such as soil, crop development, water and field management data. Input 

data has been used to simulate the crop growing cycle; water household and the ob-
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tained yield are summarized in Table 3. Subsequently, the modelled outcomes have been 

compared to field observations of the experimental plots.  

Gaps between simulated and recorded values have been minimized by the employment 

of a trial and error approach as suggested by Abedinpour et al. (2012) by adjusting sev-

eral input variables. Specific input variables have been identified as sensitive variables, 

influencing crop yields more than other variables. These variables are canopy develop-

ment, canopy decline, yield formation and especially soil fertility. This practice has been 

repeated for both seasons until simulated explained observed values in a close match. 

 

3.7.2 Climatic data input 

Multiple weather parameters derived by the on-site weather station have been used as 

input for the model. The weather information, recorded for the entire year 2011, has 

been supplied in daily time steps and consisted of precipitation, relative humidity and 

minimum and maximum temperature. Additionally, has been reference Evapotranspira-

tion calculated by applying the FAO ETo calculator version 3.1 (Raes, 2012).  

 
3.7.3 Crop parameters input 

The adjustment of canopy cover development and decline is a vital part in the modelling 

process (Araya et al. 2010b, Andarzian et al. 2011). It considers all development stages 

of the crop with its special characteristics. Due to a lack of data, options in the AquaCrop 

model have been used to estimate the initial canopy cover (CC0) based on transplanting 

density and recovery time after transplanting. The canopy expansion rate was predicted 

by AquaCrop after the implementation of some key phenological data, derived from field 

observations, such as days to maximum canopy cover, days to flowering, duration of 

flowering, senescence start and days to maturity. Within this study it was assumed that 

panicle initiation, flowering and maturity were achieved if 80 % of plants in the consid-

ered plot reached the desired stage. 

The canopy growth development and decline was manually adjusted by changing the 

curve shapes of the canopy growth coefficient (CGC) and canopy decline coefficient 

(CDC) supplied by AquaCrop until computed data were in line with farmer observations 

(not field measurements, because field canopy coverage has not been recorded). The 

reason for this adjustment is a general canopy coverage overestimation of AquaCrop 

leading to a yield overestimation. Rooting depth and expansion activity were derived 
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from Raes et al. (2011c) choosing the most conservative values with 30 cm effective 

rooting depth and a daily average expansion rate of 1 cm.  

 
3.7.4 Irrigation scheme input 

AquaCrop features multiple options to simulate water supply to fields. Possibilities 

range from fixed dates and amounts of water input, over generating an irrigation sched-

ule on the basis of depletion level of total available water (in percentile or absolute val-

ues) to rain fed conditions where no additional water is administered. Several irrigation 

methods (e.g. sprinkler, furrow or basin) are applicable regarding different portions of 

soil wetted during the water input. 

In the present study basin irrigation with entire soil surface wetting has been applied in 

combination with individual fixed irrigation schemes for every plot. That means that 

irrigation amounts have been applied to fields based on field measurements obtained 

during both cultivation cycles. Requirements for that particular irrigation scheme are 

the computation of plot individual irrigation and drainage amounts. These values have 

been obtained on the basis of measured field observations and the subsequent use of the 

Manning´s equation (Eq.5). 

                     
 

 
                               (Eq. 5) 

Where QI/QD equals the irrigation drainage quantity; n= the Manning’s roughness coef-

ficient; A= cross sectional area of the flow; R= the hydraulic radius and S= longitudinal 

slope. In order to model the two conducted water management regimes as close to real-

ity as possible fixed net irrigation amounts have been considered. In Eq. 6 has been as-

sumed that net irrigation quantity (Qnet) is similar to the difference of irrigation quantity 

(QI) and drainage quantity (QD).  

                                     (Eq. 6) 

That is of particular importance for traditional managed fields, where plots have been 

simultaneously watered and drained while resetting them to saturation point (SAT). 

Within the SAWAH treatment net irrigation equals gross irrigation, as no drainage has 

been recorded. 

In the dry season traditional managed fields have been set back to saturation point 

every five days unless the amount of effective precipitation or level of groundwater was 

sufficient to keep the level at SAT. The SAWAH system was adjusted on a daily basis to 

maintain the demanded standing water layer of five, respectively ten cm depending on 
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crop development stage. In the wet season an increased ground water supply was ob-

served, decreasing the amount of irrigation necessary to meet the standards set by the 

water management strategies. The result was that for most traditional fields supplemen-

tary irrigation had been dismissed. To account for this additional water supply was the 

groundwater table adjusted individually for each plot.  

Ground water was measured at the top and the bottom of each toposequence, except for 

field sequence 1102–1106, where a top measurement had to be left out, because of an 

interfering pathway (compare Figure 5). To compensate this information lack values for 

the mentioned toposequence have mean calculated as the mean of the neighbouring se-

quence which were 1201–1206 towards south and 1111–1116 northwards. For each 

plot has the individual ground water table been computed using a linear extrapolation of 

the top and bottom ground water measurement throughout the entire toposequence. 

This average value can be justified by similar soil texture in Bamè and the ensuing adop-

tion of a comparable capillary rise and furthermore reflects the predicted values and the 

slope characteristics of the experimental site. 

 
3.7.5 Adjustment of field management 

For both fertilizer treatments soil fertility levels have been adjusted in magnitudes of 

field observations. Fertilized fields got a soil fertility level awarded between 75 and 

95%, according to their field individual crop development and harvest obtained during 

both seasons. While adjusting field fertility it was considered that application of N-P-K 

fertilizer follows common farmer practice of that region, leading to the result that high-

est yields are situated on fields fertilized near optimum. Following this assumption, 

lower yields translated in lower plot fertility rates. The fertility level of the non-fertilized 

fields was set between 45 and 75 % according to the measured soil texture and achieved 

yields. Mulches have not been considered as there were little to no crop residues on the 

fields after harvest and no crop residues were incorporated during field preparation..  

 

3.7.6 Surface runoff adjustment  

Estimation of effective rainfall, respectively the amount of rainfall lost by surface runoff, 

was based on the curve number (CN) method derived from tables published by the 

United States department of agriculture (USDA, 1964). The CN number was set at 65 as 

default value for all traditional managed plots, based on the assumption that measured 

sand contents led to an infiltration rate at saturation point of the top layer of >250 mm 
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day-1 (Raes et al. 2006; Raes et al. 2011b). In contrast has been no runoff, caused by rain-

fall events, been assumed for the SAWAH system as the surrounding bunds prevented 

surface runoff effectively. 

 

Traditionally watered fields have been irrigated and drained at the same time until satu-

ration point has been achieved. The drainage amount during these watering events has 

been recorded and quantified on the basis of Eq.5. The amount of drainage for SAWAH 

fields, in case the standing water layer exceeded the desired height, has been equally 

with Eq.5 computed.  

 

3.7.7 Soil characteristics 

Adaptation of permanent wilting point (PWP), field capacity (FC), total available water 

(TAW) and hydraulic conductivity at saturation point (Ksat) have been set according to 

suggestions given by Raes et al. (2011b and c) for the appointed soil classes. All soil pa-

rameters have been adjusted with a trial and error approach until the model based com-

putations explained in close match field observations. 

 

3.8 Running AquaCrop 

AquaCrop has been accustomed for 40 plots with individual irrigation and field man-

agement schemes, separate soil and groundwater environments and unique crop devel-

opment characteristics, according to each field’s observation during both seasons. 

Merely weather recordings have been used for all plots equally. Finally, each simulation 

run and has been saved in its own project (exemplary one AquaCrop output file is shown 

in Annex). 

 

3.9 Analysis 

 

3.9.1 AquaCrop evaluation 

Programme prediction performance was done by the deployment of the statistical indi-

cators root mean square of error (RMSE) according to Eq.7, model efficiency (ME) fol-

lowing Eq.8 and Nash–Sutcliffe model efficiency (NSE) compare Eq.9. Evaluated was 

with these tools each treatment´s average performance, calculated on the basis of all 

toposequences (repetition one and two) of a management scheme.  
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RSME indicates in what magnitude the model over- or underestimated the observed 

values and runs from 0 to infinity, with 0 corresponding to the ideal (Willmott, 1982). 

The ME evaluates the robustness of the model and ranges from negative infinitive to 

positive 1, the closer to 1, the more robust the model (Loague and Green, 1991). The 

NSE is a normalized statistical tool that estimates the relative size of the residual vari-

ance compared to the measured data variance (Moriasi et al. 2007). The NSE analyses 

the agreement on the 1:1 line in the plot of observed versus simulated data. The coeffi-

cient runs between negative infinitive and 1, with 1 being the most desirable value 

(Nash and Sutcliffe, 1970).  

 

RMSE =  
 

 
          

                                   (Eq. 7) 

Eq.7: Root mean square of error (RMSE): N = number of case studies; O = observed value; 

S= predicted value. 

 

ME = 
          
             

  
   

          
   

                           (Eq. 8) 

Eq.8: Model efficiency (ME): N= number of case studies; O= observed value; S= predicted 

value and MO is the mean observed value. 

 

NSE = 1- 
          

  
   

          
  

   

                                (Eq. 9) 

Eq.9: Nash–Sutcliffe model efficiency (NSE): N= number of case studies; O= observed value; 

S= predicted value and MO is the mean observed value.  

 

3.9.2 Management scheme evaluation 

As recommended by Bouman and Tuong (2001) and Belder et al. (2004) the water pro-

ductivity has been calculated with respect to the amount of water transpired (WPTr), 

evapotranspired (WPET) and supplied to the field (WPi+p). The measuring unit of all wa-

ter productivity results are kilograms of yield divided by the amount of water deployed 

m3 (kg m-3) Equations 10-12 show the computation bases.  

 

WPET = 
 

    
                               (Eq. 10) 
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WPTr =  
 

  
                                 (Eq. 11) 

WPI+P =  
 

   
                                (Eq.12) 

Eq.10-12: Y= Yield; E= Soil evaporation; Tr= Transpiration; I= supplied Irrigation; P= Pre-

cipitation. 

 

4 Results 

 

4.1 Weather pattern 

The recorded weather pattern of Bamè are presented in Figure 10 (whole year) and Fig-

ure 11 (both growing seasons). Figure 10 presents the rainfall and temperature pattern. 

Notable are the distinct dry periods in March, July and from November until January. 

Wet periods are recorded April and June, as well as August and October.  

 

Figure 11 shows that temperature variations for both seasons are similar with a range 

between 27 and 36°C for maximum temperatures and 20 and 24°C for minimum tem-

peratures. Although the late wet season (DAT 105 – 120, beginning to mid December) is 

characterized by a minimum temperature depression down to 15°C.  

 

Month 
Temperature  

(°C) 
Precipitation 

(mm) 
Jan 27.1 0.0 

Feb 28.7 107.8 

Mar 29.3 7.4 

Apr 28.9 213.4 

May 28.3 124.6 

Jun 27.6 158.6 

Jul 26.5 2.8 

Aug 26.1 69.4 

Sep 27.2 177.0 

Oct 27.1 234.6 

Nov 28.3 0.0 

Dec 27.0 0.0 
 

Figure 10: Weather pattern in Bamè in 2011 plotted in the manner of Walter and Lieth. Horizontal red line= 
temperature. Horizontal blue line = rainfall. Axes of precipitation and temperature are drawn in the ratio 2:1. 
Red dots indicate arid periods. Vertical blue lines indicate humid periods. Dark blue areas stand for periods 
where ratio of temperature – precipitation is superelevated by factor 5 in favour of precipitation and symbol-
izes wet periods. Recorded on the right (table) are monthly average temperatures and rainfall amounts. 
(graphic generated with Klimadiagrammzeichner version 1.50). 
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Both seasons feature a unique precipitation distribution. In general can the dry season 

be distinguished by less and more forceful rainfall events, although the total amount of 

rainfall was higher in the dry season than in the wet season. Highest daily atmospheric 

water deposition in the dry was 74 mm and 52 mm in the wet. Cumulative rainfall for 

the investigated periods was 514 mm (dry season) and 478 mm (wet season). Remark-

able is that in the dry season no rain has been recorded between DAT 16 and 39, 

whereas the wet season shows a pattern without any rain from DAT 70 till the end of the 

growing cycle. ETo is a few percentiles higher in the dry season cultivation cycle, al-

though values range between 4 and 5mm day-1 in both seasons. Total Eto values are in 

the dry season between 474 and 509 mm, in the wet season is the range higher with 

values between 518 and 543 mm owed to a longer growing cycle.  

 

 

Total radiation recorded in the dry season was 2010 W m-2 and in the wet season 1946 

W m-2. Figure 12 visualizes the radiation input in daily time steps. All days have been 

considered from crop transplantation until harvest end in both seasons. Although, most 

plots have been harvested earlier and have not received the full amount of mentioned 

solar radiation. It must be noted that the radiation time span was several days longer in 

 
Figure 11: Weather pattern comparison for dry (top line) and consecutive wet season in 2011 (bottom line) in 
days after transplanting (DAT). Shown are minimum and maximum temperature (left); Rainfall distribution 
(middle) and reference ETo (right). 
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the wet season than in the dry. Highest daily input was in the wet season on DAT 63 with 

23.0 W m-2followed by 22.5 W m-2 in dry season. Lowest daily input in the dry and the 

wet season was on DAT 102 with 6.3 W m-2, respectively DAT 22 with 5 W m-2. Daily 

average radiation input was in the dry season 17.1 W m-2and in the wet season 15.4 W 

m-2. 

 

 

4.2 Milestone events within crop cycles 

Table 4 summarizes key events of both crop growing cycles. Notable is that all major 

events needed more time to occur in the wet season than in the dry season. Crop matur-

ity has been reached in the dry season between 109 and 117 DAT and in the wet season 

between 119 and 125 DAT, according to harvest dates. 

 

 

 

Figure 12: Daily radiation input given in W m-2 recorded by the weather station on site. Recording length is, 
due to a longer growing cycle, in the wet season several days longer than the wet season. 

Table 4: Key events summary of both cropping seasons, given in days after transplanting (DAT). 

Event Dry Season Wet Season 
Date of Transplanting 17.02 2011 18.8.2011  

1st Fertilizer Application 18.02.2011 (1 DAT) 19.08.2011 (1 DAT) 

2nd Fertilizer Application 06.03.2011 (17 DAT) 07.09.2011 (18 DAT) 

Start of Flowering 15.04.2011 (57 DAT) 21.10.11 (62 DAT) 

3rd Fertilizer Application 15.04.2011 (57 DAT) 21.10.2011 (62 DAT) 

Stop of Irrigation 06.05.2011 (78 DAT) 09.11.2011 (81 DAT) 

Harvest 6/7.06.2011 and 13/14.06.2011 
(109/110 and 116/117 DAT) 

15/16.12.2011 and 20/21.12.2011 
(120/121 and 125/126 DAT)  
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4.3 Water balance  

 

4.3.1 Seasonal irrigation distribution 

Figure 13 and Figure 14 visualize the difference of seasonal gross and actual applied net 

irrigation. Considering the entire site for both seasons and all treatments an irrigation 

necessity decline was observed with ascending toposequence number. Furthermore, has 

a water input reduction been noted towards the site´s most south-easterly corner with 

the result that the sequences 221 and 220 have not received any additional irrigation in 

both seasons. This phenomenon can be explained by on the one hand with the high 

groundwater (GW) table in this section of the site and on the other hand with the slope 

which leads to a water flow from higher elevated sections towards the lower parts 

(seepage through bunds and subsurface flow). 

 

 

 

In the dry season (Figure 13) highest individual amount of water input has been stated 

for SAWAH fields 1202, 1112 and 1203 with 3934, 3447 and 3348 mm. SAWAH fields 

received considerable more irrigation than traditionally managed fields, which is espe-

cially evident by analyzing the applied net irrigation amounts. The average water input 

in SAWAH fields is with 1501.8 mm per plot four times (traditional gross irrigation) or 

eight times (traditional net irrigation) as high as the traditional scheme with 374.4 mm, 

respectively 186.5 mm (compare Table 5). Minimum watering has been registered in 

toposequence 6 throughout all management techniques. 

  
Figure 13: Applied gross (left image) and net (right image) irrigation amounts in the dry season 2011. Plots 
are according to their site positions indicated by an identification number. Direction of view is towards 
south-west. 
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In the wet season (Figure 14) all plots received less irrigation than in the dry season. An 

irrigation requirement decline gradient was as well observed with ascending topose-

quence number, though it was not as distinctive as in the dry season. Additionally sev-

eral bottom plots (1216, 1206 and 1116) showed higher irrigation applications than 

their neighbouring fields a toposequence above. Minimum supplementary irrigation 

amount in the wet season has been recorded for most fields in toposequence 5. 

Highest irrigation amounts were applied to SAWAH fields 1112, 1102 and 1203 with 

2662, 2431 and 2252 mm. Average SAWAH irrigation input was more than 15 times 

(traditional gross), respectively more than 50 times (traditional net) higher with 775 

mm compared to the traditional managed fields with an average water supply of 45 

(gross) and 14 mm (net). Table 5 recaps applied irrigation amounts of both seasons and 

differentiates between average gross and net irrigation of both water management 

techniques in every toposequence. In both seasons is treatment independent an irriga-

tion input decline notable with ascending toposequence number (slope downwards). 

Although it was monitored that toposequence 6 features higher inputs than topose-

quence 5 in the wet season. 

 

  

Figure 14: Applied gross (left image) and net (right image) irrigation amounts in the wet season 2011. Plots 
are according to their site positions indicated by an identification number. Direction of view is towards 
south-west. 
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4.3.2 Seasonal drainage amounts 

Presented in Figure 15 are the drainage amounts for all plots and for both growing cy-

cles. In the dry season varied the drainage amount of traditional plots between 333 and 

562 mm. Noteworthy is that traditional fields in toposequence 220 and 221 are charac-

terized by 0 mm drainage in both seasons. This might be related to the circumstance 

that these fields did not receive any artificial irrigation.  

In the SAWAH managed plots the drainage amount was bordered between 0 and 132 

mm in the dry season. In the wet season noted drainages were in traditional fields be-

tween 0 and 162 mm. Additional to toposequence 220 and 221 completed the fields 

2115 and 2116 as well the growing cycle without any drainage. In the wet season SA-

WAH field’s drainage was higher than in the dry season with a range between 0 and 380 

mm (apart from field 1116 drainage: 3238 mm). Bunds of fields situated above field 

1116 showed within the cultivation cycle several breaks, caused by people walking on 

bunds and animals eroding bund walls. The result was that a high amount of water was 

flushed in 1116 which had to be drained several times during the growing process. This 

Table 5: Irrigation water inputs for the dry and the wet season. Distinguished between water supply per man-
agement scheme and per toposequence separated for both managements, as well as water input combined for 
both treatments. 

  Supplementary field irrigation (mm) 

 Management type & Gross Net 

 Toposequence Dry season Wet season Dry season Wet season 

 SAWAH 1502 775 1502 775 

 traditional 374 45 189 14 

T
ra

d
it
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n

a
l 

sy
st

e
m

 

TP2 462 46 252 22 

TP3 466 47 248 28 

TP4 340 56 151 0 

TP5 316 29 159 0 

TP6 288 44 136 16 

S
A

W
A

H
 

sy
st

e
m

 

TP2 2682 1809 2682 1809 

TP3 1786 981 1786 981 

TP4 1668 359 1668 359 

TP5 896 296 896 296 

TP6 477 429 477 429 

C
o

m
b

in
e

d
 

tr
e

a
tm

e
n

ts
 TP2 1572 928 1457 916 

TP3 1126 514 1002 495 

TP4 1004 208 878 194 

TP5 606 163 490 155 

TP6 382 237 260 218 
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circumstance justifies why the drainage amount of this field should not be considered 

within the results.  

In the wet season was more water supplied to the research site Bamè by various sources 

(groundwater, surface and subsurface flows) compared to the dry season. That reduced 

in most fields the irrigation and drainage amounts in the wet season.  

 

4.3.3 Groundwater and percolation 

Detailed raw GW data are given in Annex Table 17 - Table 26. Regarding the limited 

space data cannot be shown in the text but will be described comprehensively. Data is 

given for the dry season from DAT 1 till DAT 79 and for the wet season (with data gaps) 

from DAT 24 till DAT 116. In the dry season ranged the GW table between 48 cm below 

and 17 cm (ponding water layer) above the soil surface. In the wet season was the range 

between 49 cm below and 16 cm above the soil surface. In general is the groundwater 

table deeper in the ground at the higher end of the research site. Season independent 

was slope downwards (with increasing toposequence number) and towards the south 

westerly corner of the site (towards toposequence 2202 – 2206) the distance between 

GW table and soil surface smaller than at the upper end. Towards the end of the dry sea-

son and within the whole wet season was the GW table higher than in the beginning of 

the dry season´s growing cycle (compare Table 17 - Table 26). 

Percolation levels have been recorded in odd-numbered toposequences. Data from to-

posequence one has not been considered in the analysis; because of its disturbed soil 

characteristics (see chapter 3.2). 

  

Figure 15: Drainage amounts of the dry season (left image) and the wet season (right image) in 2011. Plots 
are according to their site positions indicated by an identification number. Direction of view is towards 
north-west. 
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Figure 16 presents percolation for both seasons. In both seasons showed SAWAH fields 

higher values than traditional fields. In the dry season was a clear percolation rate de-

crease towards the lower end of Bamè notable, which is easily explainable with a higher 

GW table at the bottom of the site. In the wet season indicated some measurements that 

some fields did not lose any water due to percolation, they rather gained water. Possible 

explanations for this circumstance could be a strong subsurface water flow or water in-

puts from fields situated higher in the slope. Traditional fields showed without excep-

tion very little percolation rates in the wet season with a range between 0 and -6 cm. 

Within AquaCrop have been all negative values (water gains) set to zero, because the 

programme does not consider the assumption of a percolation movement contrary to 

the gravitation force. 

 

 

4.3.4 Obtained yield in relation to applied amount of irrigation 

The applied amount of irrigation in relation to yield obtained and toposequence position 

of the field is provided in Figure 17 (dry season) and Figure 18 (wet season). 

 

  

Figure 16: Percolation fluxes of the dry season (left image) and for the wet season (right image) in 2011. Plots 
are according to their site positions indicated by an identification number. Direction of view is towards south-
west. Positive values indicate water lost through percolation to deep, not accessible for the plant, soil hori-
zons. Negative values imply a water rise, respectively a field water gain, implying that throughout the whole 
growing cycle water has been gained. Percolation data is given for toposequence 3 and 5, for toposequence 2, 
4 and 6 (coloured in grey with fine pattern) have no data been taken. 
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Figure 17: Dry season´s grain yield in relation to applied irrigation amount and position of field in toposequence. 
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Figure 18: Wet season´s grain yield in relation to applied irrigation amount and position of field in toposequence. 
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Notable throughout the site is a general water irrigation decline slope downwards. A 

relation between irrigation input and yield considering the toposequence number is not 

apparent in both seasons. In the dry season achieved a SAWAH managed plot in topose-

quence 2 with only 430 mm irrigation water the highest yield of the entire site (5.6 t ha-

1), whereas the repetition of this field in this toposequence produced only 3.8 t ha-1 us-

ing 3448 mm of irrigation water. In toposequence 3 needed a fertilized SAWAH plot 

1630 mm for 4.6 t ha-1 and its repetition 511 mm for 4 t ha-1. In the wet season an equal 

situation can be stated for treatment internal repetitions. 

All traditional organized plots on the western site of Bamè were able to fulfil the grow-

ing cycle without additional irrigation in both seasons. Therefore no statements within 

the traditional system can be given regarding yields, water supply and corresponding 

toposequence position.  

 

4.3.5 Grain and biomass yield 

Figure 19 and Figure 20 visualize observed grain yields for both growing seasons (de-

tailed grain, biomass yield and harvest Index information is given in Appendix Table 27). 

Season independent were obtained yields in fertilized schemes higher than in non-

fertilized ones. In the dry season highest overall yield was achieved in the SAWAH fertil-

ized system with 5.6 t ha-1 (toposequence 2). Highest yield in the traditional system was 

5.3 t ha-1 (toposequence 6). Overall lowest yield was noted in the non-fertilized tradi-

tional system with 2.1 t ha-1 (toposequence 6). The lowest performance of SAWAH was 

2.7 t ha-1 in toposequence 2.  

Average yields of all field managements were 4.8 t ha-1 SAWAH fertilized, 4.7 t ha-1 (tra-

ditional fertilized), 3.4 t ha-1 (SAWAH non-fertilized) and 2.8 t ha-1 (traditional non-

fertilized).  
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In the wet season (Figure 20) highest overall yield was achieved in a SAWAH fertilized 

treatment with 4.8 t ha-1 (toposequence 5). Highest yield obtained in the traditional sys-

tem was 4.1 t ha-1 (toposequence 2). Field management average yields were 4.4 t ha-1 

SAWAH fertilized, 3.6 t ha-1 (traditional fertilized), 3 t ha-1 (SAWAH non-fertilized) and 

2.5 t ha-1 (traditional non-fertilized). 

In the wet season were grain yields lower than in the dry season except for plots 1102, 

1112, 1113, 1116, 1205, 2203, 2204 and 2206 which were able to increase yields in the 

wet season. The rest of the fields endured a field decline between 2 and 35 % compared 

to their individual yield in the dry season. Field decline within the SAWAH system was 

not as distinctive as in the traditional system with an average decline of 15 % compared 

to 21 %.  

 

 
Figure 19: Observed dry season´s grain yields individually for every plot. Values are based on the average of 
the nine marked measurement corners. Perspective is bird´s eye view with toposequence 1 (white = no data) 
at the upper image edge and toposequence 6 at the lower. Graphic developed by Confidence Duku. 
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Biomass yields are presented in Figure 21 and Figure 22. Fertilized schemes outcom-

peted non-fertilized ones in both growing cycles.  

In the dry season (Figure 21) highest overall biomass yield was recorded in a SAWAH 

fertilized field with 11.8 t ha-1 (toposequence 5). Highest yield in a traditional managed 

field was 11.2 t ha-1 (toposequence 6). Field management average yields were 10.2 t ha-1 

(traditional fertilized), 10.1 t ha-1 SAWAH fertilized, 6.4 t ha-1 (SAWAH non-fertilized) 

and 5.5 t ha-1 (traditional non-fertilized). Traditional fertilized average biomass yield 

was higher than SAWAH fertilized. Reason is the low performance of plot 1112 with a 

biomass harvest of 8.7 t ha-1. Without considering this value the SAWAH fertilized sys-

tem would have gotten an average yield of 10.3 t ha-1. 

 
Figure 20: Observed wet season´s grain yields individually for every plot. Values are based on the average of 
the nine marked measurement corners. Perspective is bird´s eye view with toposequence 1 (white = no data) 
at the upper image edge and toposequence 6 at the lower. Graphic developed by Confidence Duku. 
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Wet season´s (Figure 22) overall highest biomass yield was harvested in a fertilized 

SAWAH field with 9.9 t ha-1 (toposequence 6). Highest traditional fertilized yield was in 

toposequence 2 with 8.2 t ha-1. Field management average yields were 8.7 t ha-1 (tradi-

tional fertilized), 7.1 t ha-1 SAWAH fertilized, 6.1 t ha-1 (SAWAH non-fertilized) and 5.3 t 

ha-1 (traditional non-fertilized). 

As observed in the grain yield could for the biomass yield as well a general harvest de-

cline be stated. Except for fields 1102, 1103, 1105, 1106, 1205, 2203 and 2204 which 

increased the biomass production compared to their dry season´s performance. Most of 

these fields increased as well the grain yield output so the gain in biomass output is 

rather expectable. All remaining fields suffered an average yield reduction of 14 % (SA-

WAH system) and 24 % (traditional system). 

 

Within both seasons a trend of yield increase for instance down slope or towards a spe-

cific corner of the research site was missing in all applied management systems. Certain 

factors (pests, such as fungi or animals) have possibly influenced crop development 

more than plot specific characteristics such as soil and irrigation which have been kept 

constant according to their treatment technique. That can be seen in the fact that the top 

Figure 21: Observed dry season´s biomass yields individually for every plot. Values are based on the average 
of the nine marked measurement corners. Perspective is bird´s eye view with toposequence 1 (white = no 
data) at the upper image edge and toposequence 6 at the lower. Graphic developed by Confidence Duku. 
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three performing fields in the dry season have only reached in the wet season rank 5, 13 

and 19. On the contrary achieved fields with rank 7, 16 and 19 in the dry season the top 

three yields in the wet season. 

 

4.3.6 Harvest Index (HI) observations 

Individual HI values are given in Table 6 and Table 7. Observed HI differed in the dry 

season between 42 and 57 % and in the wet season between 42 and 58 %.  

 

 
Figure 22: Observed wet season´s biomass yields individually for every plot. Values are based on the average 
of the nine marked measurement corners. Perspective is bird´s eye view with toposequence 1 (white = no 
data) at the upper image edge and toposequence 6 at the lower. Graphic developed by Confidence Duku. 

Table 6: Observed harvest index individually for every plot in the dry season 2011. Light grey coloured boxes 
indicate field number.  

field 2202 2212 1212 1202 1102 1112 2112 2102 
value 0.52 0.44 0.51 0.50 0.57 0.44 0.48 0.48 
field 2203 2213 1213 1203 1103 1113 2113 2103 
value 0.56 0.44 0.53 0.51 0.55 0.43 0.47 0.45 
field 2204 2214 1214 1204 1104 1114 2114 2104 
value 0.55 0.45 0.56 0.52 0.57 0.42 0.49 0.50 
field 2205 2215 1215 1205 1105 1115 2115 2105 
value 0.56 0.45 0.54 0.49 0.56 0.43 0.48 0.50 
field 2206 2216 1216 1206 1106 1116 2116 2106 
value 0.54 0.47 0.53 0.47 0.55 0.42 0.47 0.46 

 n-fertilized fertilized fertilized n-fertilized n-fertilized fertilized fertilized n-fertilized 
 Traditional SAWAH SAWAH Traditional 
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In the dry season (Table 6) highest seasonal HIs can be found for both water manage-

ments in non-fertilized systems; in toposequence 5 with 56 % (traditional) and in to-

posequence 2 with 57 % (SAWAH system). Lowest values are observed in toposequence 

2 and 3 with 44 % (traditional fertilized) and in toposequence 4 and 6 with 42 % (SA-

WAH fertilized). Notable is that the fertilized and non-fertilized traditional system at the 

northern edge (fields 2102-2106 and 2112-2116) of the experimental site produced 

quite similar HI levels with a maximum deviation range of 2 %. Both repetitions of these 

traditional systems (fields 2202-2206 and 2212-2216) show the result that the non-

fertilized system produced a HI much more in favour for grain (52 – 56 %) as the fertil-

ized system with only 44 – 47 %.  

Within the SAWAH system can be stated that in repetition 1 the fertilized system, fields 

1112-1116 (HI range: 42 – 44 %) were outcompeted by their non-fertilized counterparts 

(fields 1102-1106) with HI a range between 55 - 57 %. The contrary can be noted for 

SAWAH repetition 2 where the fertilized system (1212-1216) outperformed with a 

range between 51 – 56 % the non-fertilized (1202-1206) with values of 47 – 52 %.  

 

In the wet season (Table 7) highest overall HI was observed in toposequence 2 (58 %) in 

a traditional non-fertilized field. Highest SWAH HI was measured in toposequence 2, 4 

and 5 of fertilized treatments with 53 %. Noteworthy is the fact that the fields in topose-

quence 2 and 4 were at the lower end of the yield formation value, with 44 %, respec-

tively 42 %, in the dry season.  

 
 

 

Table 7: Observed harvest Index individually for every plot in the wet season 2011. 

field 2202 2212 1212 1202 1102 1112 2112 2102 
value 0.49 0.50 0.47 0.51 0.51 0.53 0.52 0.58 
field 2203 2213 1213 1203 1103 1113 2113 2103 
value 0.49 0.48 0.52 0.49 0.47 0.52 0.49 0.50 
field 2204 2214 1214 1204 1104 1114 2114 2104 
value 0.42 0.51 0.51 0.50 0.49 0.53 0.51 0.50 
field 2205 2215 1215 1205 1105 1115 2115 2105 
value 0.47 0.50 0.53 0.49 0.50 0.47 0.51 0.49 
field 2206 2216 1216 1206 1106 1116 2116 2106 
value 0.43 0.52 0.52 0.52 0.46 0.48 0.47 0.46 

 n-fertilized fertilized fertilized n-fertilized n-fertilized fertilized fertilized n-fertilized 
 Traditional SAWAH SAWAH Traditional 
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A similar pattern, as in the dry season, between fertilized and non fertilized traditional 

treatments can be seen for repetition 1 (except field 2102 which does with 58 % much 

better than all remaining fields) with values between 46 – 50 % (non-fertilized) and 47 – 

52 % (fertilized). Within the second repetition of the traditional system achieved the 

fertilized system better results than the non-fertilized system with a HI range of 42 – 

49% (non-fertilized) and 48 – 52 % (fertilized). 

SAWAH repetition 1 results are reversed compared to their dry season´s counter pieces 

with the fertilized fields obtaining better HIs than the non-fertilized fields. The range is 

between 47 – 53 % (fertilized) and 46 – 51 % (non-fertilized). HI values of both SAWAH 

systems repetition 2 is quiet even with ranges between 47 – 53 % (fertilized) and 49- 

52% (non-fertilized). 

 

4.4 Simulating rice performance 

 

4.4.1 Model parameters implementation 

Several parameters have been used, as described in chapter 3, to align AquaCrop simula-

tion results with observations of the research site. Data summarized in Table 2 have 

been applied as portrayed in section 3.7 and 3.7. Table 8 summarizes deployed data and 

ranges used for both seasons.  
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Table 8: Major input parameters and their ranges used for rice crop simulations in AquaCrop. Values are 
shown individually for both seasons and both water managements. Weather parameters are also used to 
supply the Eto calculator with data. 

   Dry season  Wet season 

Parameter unit Traditional SAWAH Traditional SAWAH 
Climatic data  
Temperature (max) °C 36.9 35.2 
Temperature (min) °C 20.5 15.7 
Humidity (max)  %  100 100 
Humidity (min)  %  28.9 15.3 
Solar radiation (max) W m-2 22.6 23.0 
Solar radiation (min) W m-2 6.4 5.0 
Precipitation mm 514 478 
Wind speed (max) m s-1 1.08 0.96 
Wind speed (min) m s-1 0.49 0.47 
Summed solar radiation W m-2 2009.8 1945.9 
Eto amount (whole season) mm 503 470 
Soil characteristic  
Permanent Wilting Point Vol %  6-10 6-10 
Hydraulic conductivity at sat point mm day-1 500-1500 500-1500 
Field Capacity Vol %  13-22 13-22 
Soil texture  sand, loamy sand, sandy loam 
Soil fertility  %  45-95 45-95 
CN-number  65 no run off 65 No run off 
Irrigation regime  
Number of irrigation events  0 - 11 10 - 58 0 - 2 1 - 31 
Amount of Irrigation (max) mm 1120 3934 160 2661 
Amount of Irrigation (min) mm 0 307 0 132 
Amount of Percolation (max) mm 37 196 0 144 
Amount of Percolation (min) mm 0 0 -6 -225 
Amount of Drainage (max) mm 562 132 161 3238 
Amount of Drainage (min) mm 0 0 0 0 
Groundwater level height  
(maximum below soil surface) 

cm 47 48 49 34 

Groundwater level height  
(maximum above soil surface) 

cm 16 17 19 17 

Crop parameters  
Pollination affected by cold stress  °C 8 8 
Pollination affected by heat stress °C 35 35 
Date of transplanting  17.02.2011 18.08.2011 
Duration of transplanting shock days 7-11 10 10-21 10-14 
Time from transpl. till flowering days 77-81 71-80 70-83 80-82 
Time from transplanting to start 
senescence 

days 77-85 74-82 83-90 86-91 

Time from transpl. to maturity days 109-117 109-116 119-125 120-125 
Length of flowering  days 12-14 12-14 10-15 12-14 
Maximum canopy cover   %  70-88 72-90 42-85 55-78 
Maximum effective rooting depth  cm 30 30 
Building up of HI  days 21-30 23-33 21-38 22-30 
Canopy growth coefficient  %  13.3-14.5 13.7-15.4 11.6-14.8 10.9-12.7 
Canopy decline coefficient  %  9.3 9.1-9.3 5.7-9.3 8.2-9.3 
Water productivity g m-2 19 19 
Date of harvest  6/7.06.11-13/14.06.11 15/16.12.11-20/21.12.11 
Grain yield  t ha-1 1.6-4.2 2.0-4.6 1.6-3.5 1.8-3.6 
Biomass yield  t ha-1 3.6-9.7 4.3-10.9 3.5-7.1 3.9-7.9 
Harvest Index  44-50 42-53 47-58 46-54 
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4.4.2 Yield simulation  

The performance ability of AquaCrop to simulate the grain and biomass yield in magni-

tudes measured on the research site is plotted in Figure 23 (grain yield) and Figure 24 

(biomass yield). Both figures are structured in a way that in the top row both fertilized 

and in the bottom row both non-fertilized schemes are presented. Black circles indicate 

the computation precision of individual fields for the dry and white triangles for the wet 

season. Precisely eight plots (eight geometrical figures) are drawn per management 

treatment and season.  

 

All four graphs of Figure 23 show a close match of computed and observed yields. 

Within seasons the dry season shows a closer match, whereas the wet season over- or 

 

Figure 23: Simulated versus observed grain yield for the dry (circles) and the wet season (triangles). Every 
geometrical figure symbolizes one plot (eight plots per treatment and season in total). Line = 1:1, additionally 
is for every season R2 indicated. 
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underestimates the yield slightly more, although all values are within range of R2 > 0.9. 

Prediction accuracy throughout the field management schemes is equal, with slightly 

higher deviations in both non fertilized systems. Data agreement differs in traditional 

systems in the dry and in the wet season between 99 and 101 %, respectively 94 and 

106 %. The SAWAH system´s agreement is embraced by an under- and overestimation 

bordered by 99 and 101 % in the dry and 95 and 105 % in the wet season. A relation 

within toposequences, regarding the yield simulation precision was absent. 

 

4.4.3 Biomass simulation 

 

The observed and predicted biomass yields for the dry and the wet season are given in 

Figure 24. Obvious is the closer match between computed and observed values in the 

 

Figure 24: Simulated versus observed biomass yield for the dry (circles) and the wet season (triangles) Every 
geometrical figure symbolizes one plot (eight plots per treatment and season in total). Line = 1:1. Additionally 
is for every season R2 indicated. 
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dry season throughout all management techniques. Dry season´s R2 ranged throughout 

all treatments between 0.99 and 0.98, whereas in the wet season R2 values differed be-

tween 0.98 and 0.90. Data ranges, within the traditional scheme, between an explanation 

precision of 99 and 103 % in the dry season and 91 and 104 % in the wet season. SA-

WAH agreement differs between 94 and 102 %  in the dry season and 95 and 105 % in 

the wet season. 

Overall is the model performance in both seasons comparable, delivering for all treat-

ments R2 values well above 90 %. Highest disagreement within the rice modelling proc-

ess was achieved in the wet season´s biomass simulation of the fertilized SAWAH treat-

ment. Field individual simulations in this management system have been, with only one 

exception, all overestimated with up to 10 %.  

 

4.4.4 Root Mean Square Error (RMSE) 

Grain yield RMSE (Table 9) ranges for both seasons and all treatments between 0.02 and 

0.13. In general is the error in the wet season higher than in the dry season. Average 

RSME for traditional fertilized, traditional non-fertilized, SAWAH fertilized and SAWAH 

non-fertilized amounts to 0.05, 0.05, 0.06 and 0.06.  

Biomass yield RMSE (Table 10) shows similar characteristics as the grain yield RMSE. 

Values are in higher the wet season than in the dry season and range in average in tradi-

tional fertilized, traditional non-fertilized, SAWAH fertilized and SAWAH non-fertilized 

systems between 0.13, 0.14, 0.17 and 0.14. 

 

  
RMSE (Grain Yield) 

  
repetition 1 repetition 2 

average Management scheme dry season wet season dry season wet season 

Traditional fertilized 0.03 0.07 0.03 0.05 0.05 

Traditional non-fertilized 0.03 0.05 0.04 0.09 0.05 

SAWAH fertilized 0.02 0.11 0.04 0.08 0.06 

SAWAH non-fertilized 0.03 0.13 0.02 0.05 0.06 

 

 

 

Table 9: Dry and wet season´s grain yield RMSE for all treatments separately, as well as an overall treatment 
average. Basis for the evaluation is the average value of a treatment, computed on the basis of all topose-
quences (repletion 1 and repetition 2) of a management scheme. 
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    RMSE (Biomass Yield) 

    repetition 1 repetition 2 

average Management scheme dry season wet season dry season wet season 

Traditional fertilized 0.11 0.15 0.13 0.15 0.13 

Traditional non-fertilized 0.09 0.08 0.07 0.33 0.14 

SAWAH fertilized 0.12 0.23 0.07 0.27 0.17 

SAWAH non-fertilized 0.16 0.24 0.09 0.08 0.14 
 

4.4.5 Model efficiency (ME) 

Grain yield ME (Table 11) ranges for both seasons and all treatments between 0.5 and 1. 

The average ME outcome for the traditional fertilized, traditional non-fertilized, SAWAH 

fertilized and SAWAH non-fertilized is 0.96, 0.96, 0.93 and 0.87. In general is the bio-

mass yield ME (Table 12) lower than the grain yield ME with average values of 0.90, 

0.95, 0.88 and 0.94 for traditional fertilized, traditional non-fertilized, SAWAH fertilized 

and SAWAH non-fertilized treatment. 

 

 

 

 

Table 10: Dry and wet season´s biomass yield RMSE for all treatments separately, as well as an overall treat-
ment average. Basis for the evaluation is the average value of a treatment, computed on the basis of all to-
posequences (repletion 1 and repetition 2) of a management scheme. 

Table 11: Model efficiency (ME) for grain yield prediction. Shown are results for all treatments separately as 
well as an overall average for each treatment. Basis for the evaluation is the average value of a treatment, 
computed on the basis of all toposequences (repletion 1 and repetition 2) of a management scheme. 

  
ME (Grain Yield) 

  
repetition 1 repetition 2 

average Management scheme dry season wet season dry season wet season 

Traditional fertilized 0.92 0.95 0.99 0.98 0.96 

Traditional non-fertilized 1.00 0.92 0.98 0.92 0.96 

SAWAH fertilized 1.00 0.83 0.97 0.93 0.93 

SAWAH non-fertilized 1.00 0.50 0.99 0.99 0.87 

Table 12: Model efficiency (ME) for biomass yield prediction. Shown are results for all treatments separately 
as well as an overall average for each treatment. Basis for the evaluation is the average value of a treatment, 
computed on the basis of all toposequences (repletion 1 and repetition 2) of a management scheme. 

    ME (Biomass Yield) 

    repetition 1 repetition 2 

average Management scheme dry season wet season dry season wet season 

Traditional fertilized 0.78 0.97 0.91 0.95 0.90 

Traditional non-fertilized 0.99 0.94 0.98 0.87 0.95 

SAWAH fertilized 0.99 0.92 0.99 0.61 0.88 

SAWAH non-fertilized 0.97 0.82 0.97 0.99 0.94 
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4.4.6 Nash-Sutcliffe model efficiency (NSE) 

Grain yield NSE (Table 13) ranges for both seasons and all treatments between 0.50 and 

0.99. The dry season´s value is in general higher as the wet season´s value. Only excep-

tions are the first traditional fertilized repetition and the second SAWAH non-fertilized 

repetition where values are higher in the wet season than in the dry season. The average 

NSE for the traditional fertilized, traditional non-fertilized, SAWAH fertilized and SA-

WAH non-fertilized amounts to 0.96, 0.96, 0.93 and 0.87.  

Biomass yield NSE (Table 14) ranges throughout both seasons and all treatments be-

tween 0.61 and 0.99. Values in the wet season are mostly lower than in dry season with 

exceptions in the traditional fertilized system (both repetitions) and the SAWAH non-

fertilized scheme second repetition. NSE for the traditional fertilized, traditional non-

fertilized, SAWAH fertilized and SAWAH non-fertilized amounts to 0.90, 0.95, 0.88, and 

0.94. 

 

 

 

 

Table 13: Grain yield NSE. Shown are results for all treatments separately as well as an overall average for 
each treatment. Basis for the evaluation is the average value of a treatment, computed on the basis of all to-
posequences (repletion 1 and repetition 2) of a management scheme. 

  
NSE (Grain Yield) 

  
repetition 1 repetition 2 

average Management scheme dry season wet season dry season wet season 

Traditional fertilized 0.92 0.95 0.97 0.98 0.96 

Traditional non-fertilized 0.99 0.92 0.98 0.92 0.97 

SAWAH fertilized 0.99 0.83 0.97 0.93 0.93 

SAWAH non-fertilized 0.99 0.50 0.99 0.99 0.87 

Table 14: Biomass yield NSE. Shown are results for all treatments separately as well as an overall average for 
each treatment. Basis for the evaluation is the average value of a treatment, computed on the basis of all to-
posequences (repletion 1 and repetition 2) of a management scheme. 

  
NSE (Biomass Yield) 

  
repetition 1 repetition 2 

average Management scheme dry season wet season dry season wet season 

Traditional fertilized 0.78 0.97 0.91 0.95 0.90 

Traditional non-fertilized 0.99 0.94 0.98 0.87 0.95 

SAWAH fertilized 0.98 0.92 0.99 0.61 0.88 

SAWAH non-fertilized 0.97 0.83 0.97 0.99 0.94 
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4.4.7 Water vapour fluxes 

The average soil evaporation, transpiration and evapotranspiration for traditional and 

SAWAH plots in the dry and wet season are presented in Table 15 (all individual values 

are documented in Annex Table 28).  

 

 

In the dry season evapotranspiration values ranged in fertilized plots between 470 and 

482 mm and in non-fertilized plots between 485 and 510 mm. In the wet season 

evapotranspiration ranged between 516 and 543 mm for the fertilized plots, 507 and 

537 mm for the non-fertilized plots. Within both fertilization systems was a strong ratio 

deviation in the composition of the evapotranspiration value notable. Average propor-

tion of E on ETc ranges in fertilized fields in the dry and wet season between 50-51 % 

and 62-68 %, whereas the ratios in non-fertilized fields differ between 69-72 % in the 

dry and 72-75 % in the wet season. Transpiration rates within both water managements 

were in fertilized fields highest. In the dry season was the transpiration of non-fertilized 

fields compared to its wet season´s counterpart 6 and 5 % higher for traditional and 

SAWAH fields. Dry season´s fertilized transpiration values were 32 % respectively 14 % 

higher in the traditional and the SAWAH scheme. Overall are Transpiration rates for 

SAWAH managed fields highest, except for dry season fertilized plots where both tradi-

tional and SAWAH fields are quite even with 235 and 233 mm.  

 

Figure 25 visualizes average water vapour fluxes of all plants in the dry season. The 

amount of evapotranspiration is throughout all managements comparable, but highest 

values can be noted in SAWAH non- fertilized, followed by traditional non-fertilized 

fields. Evaporation values of these two schemes is as well higher than in both fertilized 

systems with an E percentage of 72 % (traditional non-fertilized) and 69 % (SAWAH 

Table 15: Calculated evaporation (E), transpiration (Tr) and evapotranspiration (ETc) fluxes for SAWAH and 
traditional fertilized, as well as for SAWAH and traditional non-fertilized plots. Given are average values for 
both toposequence repetitions of a management scheme in (mm). 

season  
fertilized non-fertilized 

 
Traditional SAWAH Traditional SAWAH 

dry 

E 235 249 350 355 

Tr 235 233 135 155 

ETc 470 482 485 510 

wet 

E 355 342 380 389 

Tr 161 201 127 148 

ETc 516 543 507 537 
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non-fertilized) on ETc. In fertilized techniques is E and Tr ratio quite balanced. Transpi-

ration rates are highest in traditional and SAWAH fertilized fields.  

 

 

 

Figure 26 analyses the wet season´s water vapour fluxes in the same manner as Figure 

25. ETc is highest in SAWAH fertilized and SAWAH non-fertilized, followed by traditional 

fertilized and non-fertilized fields. Total evaporation rates range between 342 (SAWAH 

fertilized) and 389 mm (SAWAH non-fertilized) and transpiration varies within thresh-

olds of 127 (traditional non-fertilized) and 201 mm (SAWAH fertilized). In both unfertil-

ized techniques is the proportion of E and Tr in Evapotranspiration strongly in favour 

for E with a ratio of 75 and 72 % in the traditional and the SAWAH system. This ratio 

amounts in the fertilized system to 69 and 63 % for the traditional and the SAWAH tech-

nique. 

Figure 25: Dry season´s Evaporation (E) and Transpiration (Tr) rates for all applied management schemes 
(Traditional (f) = Traditional fertilized, SAWAH (f) = SAWAH fertilized, Traditional (n-f) = Traditional non-
fertilized, SAWAH (n-f) = SAWAH non-fertilized) with indicated standard deviation. Sum of Evaporation and 
Transpiration equals Evapotranspiration. 
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An overall summary of all management water vapour fluxes combined for both season is 

presented in Figure 26. ETc values are all closely spaced ranging between 491 (tradi-

tional fertilized) and 523 mm (SAWAH non-fertilized). Evaporation is in all systems 

higher than transpiration. Fields without supplementary fertilization feature a higher 

evaporation and a corresponding lower transpiration than fertilized ones. 

 

Figure 26: Wet season´s Evaporation (E) and Transpiration (Tr) rates for all applied management schemes 
(Traditional (f) = Traditional fertilized, SAWAH (f) = SAWAH fertilized, Traditional (n-f) = Traditional non-
fertilized, SAWAH (n-f) = SAWAH non-fertilized) with indicated standard deviation. Sum of Evaporation and 
Transpiration equals Evapotranspiration. 

Figure 27: Overall (dry and wet season) average Evaporation (E), Transpiration (Tr) rates for all applied 
management schemes (Traditional (f) = Traditional fertilized, SAWAH (f) = SAWAH fertilized, Traditional (n-
f) = Traditional non-fertilized, SAWAH (n-f) = SAWAH non-fertilized) with indicated standard deviation. Sum 
of Evaporation and Transpiration equals Evapotranspiration. 
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4.4.8 Water productivity (WP) 

Water productivity results, based on computed yields, are presented in Table 16 sepa-

rated between seasons and management techniques. WPTr, WPET and WPI+R values range 

in boundaries of 2.02 - 2.28; 0.54 - 1.05 and 0.39 – 0.74 kg m-3.  

 

    Water productivity (Kg/m3) 

    WPTr WPET  WPI+R  

Management scheme dry  wet  dry  wet  dry  wet  

Traditional  fertilized 2.02 2.28 1.04 0.78 0.71 0.74 

Traditional  non-fertilized 2.10 2.02 0.62 0.54 0.39 0.48 

SAWAH fertilized 2.10 2.19 1.05 0.87 0.42 0.50 

SAWAH non-fertilized 2.19 2.05 0.69 0.61 0.19 0.31 

 

Figure 28 visualizes values of Table 16 graphically. Smallest value variation across 

treatments can be found in the water productivity based on the amount of transpiration. 

In the dry season WPTr was ranked from low to high: traditional fertilized, SAWAH fertil-

ized, traditional non-fertilized, and SAWAH non-fertilized. In the wet season the ranking 

vice versa is stating the highest water productivity to the traditional fertilized scheme. 

WPET shows higher values for both seasons for the fertilized treatments than for non-

fertilized ones although all values (fertilized and non-fertilized) reached only values be-

tween 75 and 88 % in the wet season compared to their dry season´s counterpart. Water 

productivity considering external water inputs (WPI+R) has in the dry season, by far the 

highest value in the traditional fertilized system followed by SAWAH non-fertilized. The 

traditional system’s water input has been based on the gross irrigation supplied to the 

field, because this amount of water has been used to water the field, although the field 

was drained at the same time. In the SAWAH system is the net and gross irrigation value 

congruent as described in chapter 3.7.4. The smallest productivity can be recorded for 

the SAWAH non-fertilized technique. The wet season consists of this finding, certifying 

once more the highest WPI+R value to the traditional fertilized system and the lowest to 

the non-fertilized SAWAH system. 

 

Table 16: Grain yield water productivity (kg m-3) regarding the amount of water transpired (WPTr), 
evapotranspired (WPET) and external water input (WPI+R) separated for all management regimes and sea-
sons. 
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Figure 28: Grain yield water productivity (kg m-3) regarding the amount of water transpired (WPTr), 
evapotranspired (WPET) and external water input (WPI+R) for all management regimes separated for dry and 
wet season. 
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5 Discussion 

5.1 AquaCrop computation performance 

 

5.1.1 Final above ground biomass and grain yield simulation goodness 

Simulated grain and biomass yields are in close match with observed harvests recorded 

at the Bamè research site. Agreements of simulated and observed yields are plotted in 

Figure 23 (grain yield) and Figure 24 (biomass yield). The computation accuracy of 

grain yield is in the dry season for all applied management schemes is in good concor-

dance with an R2 > 0.95. Wet season´s R2 is lower throughout all management tech-

niques than in the dry season and reaches its minimum in both SAWAH management 

systems with an R2 of 0.93. 

Prediction agreements of recorded and computed biomass yields are equally good as 

grain yield simulations with good matches across all treatments in the dry season (R2 > 

0.95). The wet season’s performance is slightly worse than its grain yield counterpart 

with a minimum R2 of 0.90 in the SAWAH-fertilized treatment. The remaining systems 

have been explained with a closer match proved by R2 values swinging between 0.96 

and 0.98.  

Application of statistical tools analyses confirmed as well that the model is on the one 

hand robust with ME-values (Table 11and Table 12) in close match with research of 

Araya et al. (2010) and Saadati et al. (2011) who suggested values between 0.82 and 1, 

respectively 0.5 and 1. Furthermore RMSE (Table 9and Table 10) and NSE (Table 13 and 

Table 14) are in good agreement with findings offered by Araya et al. (2010), Andarzian 

et al. (2011) and Abedinpour et al. (2012) leading to the conclusion that the model oper-

ated in the applied manner satisfyingly.  

 

5.1.2 Crop water productivities 

Predicted crop water productivities (ETc) varied between 0.54 – 1.05 kg m-3. The lower 

values are out range of suggested benchmark values given by Doorenbos and Kassam 

(1979) in their FAO I&D paper 33 with a range of 0.7 – 1.1 kg m-3. However, more cur-

rent research published by Tuong and Bouman (2003) and Zwart and Bastiaanssen 

(2004) offered a wider ETc range with 0.4-1.6 kg m-3, respectively 0.6-1.6 kg m-3 justify-

ing the presented values satisfyingly.  
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Absolute ETc values varied in the dry season respectively in the wet season between 

460-525 mm and 455-551 mm which is according to a research summary considering 

the last 25 years presented by Zwart and Bastiaanssen (2004) at the lower end of their 

findings. Nevertheless are ETc values well in tune with research results presented by 

Stanhill (1960) and Bierhuizen and Slayter (1965) who presented the idea of a propor-

tional inverse relation between vapour pressure deficit of air and ETc capacities. The 

idea forwarded is that with decreasing latitude, ETc and crop water productivity de-

clines. Keeping the geographical location of the research site Bamè in mind with 7°N 

latitude are ETc and crop water productivities values realistic. 

Although the simulated biomass and grain yields match with observed yields quiet close 

and WP values are explainable with results published by several authors, it should be 

highlighted that AquaCrop and the supplied data set have certain shortcomings. These 

inadequacies pushed for several compromises and solution attempts within the model-

ling process in order to get on the one hand the model running and on the other hand to 

generate results worth further discussions. The aim of the following chapters is to point 

out obstacles, uncertainties and errors occurred during this study and to explain chosen 

solution strategies. Furthermore, suggestions will be given in order to improve both the 

data set and AquaCrop for future studies. 

 

5.2 Method weaknesses and uncertainties  

 

5.2.1 Yield measurement constraints 

Simulated AquaCrop yields have been initially compared to grain and biomass harvests 

of entire research plots in order to keep the process of extrapolation, as summarized by 

Miller et al. (2004), to a hectare as small as possible. Following that approach was en-

countered that an exact grain and biomass harvest comparison was hardly possible be-

cause a recording of field biomass yields was not considered in the experimental design. 

On these grounds the simulated grain yield was adjusted on the basis of field measure-

ments with the attempt to match simultaneous the computed biomass yield to corner 

biomass yields. This comparison showed intolerable discrepancies in biomass harvest 

agreement. In order to solve that problem two solutions have been tested, of which the 

latter one has been adopted. First the HI was manipulated in a way that biomass and 
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grain yields fit the simulated and observed. That approach was abandoned because the 

HI had to be changed in magnitudes not justifiable by any literature. 

The second attempt considered was a yield source alignment, considering for both 

(grain and biomass yield) the measured corner yields. This approach worked well, with 

close matches for computed and measured grain and biomass yields (Figure 23 and Fig-

ure 24), although the tolerated up scaling from field corners (9 m2) to hectare (10 000 

m2) is challengeable.  

 

5.2.2 Gaps in water management data series  

The collection of water management data on daily time steps in both crop cycles was 

aspired. This aim could not be reached for every parameter. For instance is GW data for 

the dry season only for DAT 1 until DAT 79 available. In the wet season starts the re-

cording at DAT 24 and runs only till DAT 116 with no recordings for DAT 32, 36, 64 and 

65 with the result that the data set possesses gaps. Furthermore had the non existence 

of top GW data of field sequence 1101-1106 to be compensated (chapter 3.7.4) with an 

interpolation of data recorded in the neighbouring field sequences. Another flaw can be 

stated for percolation data which has been exclusively recorded on days if irrigation was 

applied. Therefore, several are gaps notable in the data set especially for traditional 

fields where irrigation had been supplied just every fifth day, unless precipitation or 

other sources have been sufficient to keep the fields at SAT. The latter circumstance ac-

counts especially for the wet season where GW and other water sources made artificial 

watering for numerous fields needless. Because of that are several gaps in the data se-

ries of all fields in the dry season leave alone the wet season. 

In general gaps have to be compensated in the data set either with observations of 

neighbouring fields or interpolations of contemporary field events in order to supply 

AquaCrop with a comprehensive data set. 

 

5.2.3 Soil property uncertainty 

Soil samples have been taken during the experiment as described in chapter 3.5.3 of plot 

2112, 2115, 2212 and 2215 at a depth of 2-7 and 22-27cm. The aim was to specify per-

manent wilting point (PWP), field capacity (FC), total available water (TAW) and hy-

draulic conductivity at saturation point (Ksat). Unfortunately, the soil samples were 

taken with the wrong angel to the ground by pushing the measuring cylinder horizontal 
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instead of vertical in the soil. The result is that the measured values represent the hy-

draulic conductivity parallel to the ground instead of vertical. Therefore, these values 

are neglected in this study. Furthermore are the results for PWP, FC and TAW are to the 

current moment still unavailable due to internal complications at the assigned labora-

tory. 

To offset the lack of information on soil characteristic in Bamè, data was obtained as de-

scribed in chapter 3.7.7.  

 

5.2.4 Data derivation 

The experimental design was suboptimal to derive reliable data anticipated for such a 

conducted analyses. For instance traditional plots have been surrounded by soil bunds, 

although in AquaCrop traditional fields have been simulated without bunds. That might 

have influenced the simulated run off, because a mismatch between run off on the fields 

(conducted only through a pipe at the lower boundary of the field) and simulated (runoff 

was distributed evenly on the field) has to be denoted.  

Soil bunds considered in AquaCrop are impermeable for water movement and are free 

of abrasion in the growing cycle. On site soil bunds (substrate up to 95 % and) have been 

indeed permeable for water, with the result that top fields watered lower ones.  

Additional to material dependent water loss vanished water by damaged soil bunds 

caused by:  

 

 Environmental influences such as heavy rainfall  

 Animals for instance crabs and rodents weakening bunds while digging holes 

 People walking on the bunds 

 

That explains for example the wet season´s unusual high watering needs of the bottom 

fields 1216 (659 mm) and 1206 (562.3 mm) and at the same time the very high drainage 

quantity recorded for field 1116 (3238.4 mm). A solution against such water loses and 

field communications would be the hydraulic separation of all fields. That can be 

achieved by the integration of an impermeable layer e.g. plastic sheet to prevent effec-

tively water fluxes through the bunds as suggested by Tabbal et al. (2002) and Bouman 

et al. (2004). 
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5.2.5 Irrigation amount calculation uncertainty 

The application of Manning´s formula to calculate the field irrigation and -drainage 

amounts is a suboptimal method, because the Manning´s equation was conceived to 

specify flow rates in an open channel not in a confined plastic tube. On top the equation 

neglects field influx resistance originated by pipe outlet inundation. However, attempts 

to calculate the flow rates on the basis of the better suited Torricelli formula could not 

been accomplished. Reasons are on the one hand the lack of information on the exact 

height positioning of irrigation and drainage pipes in field bunds. On the other hand are 

notifications absent awarding insight of pipe inundation duration. Facing these uncer-

tainties it was concluded to pursue the analysis on the basis of values derived by the 

Manning´s equation accepting the overestimation of irrigation values induced by it. 

 

5.3 AquaCrop major adjustment constraints 

 

5.3.1 Irrigation appliance constraints 

AquaCrop features several methods to apply irrigation to fields. The most favourable 

option, considering time and labour expenses, is a designed irrigation schedule, which 

resets fields automatically to a certain degree of TAW at a specified time interval or de-

pletion level. This option could not be omitted and be replaced by a much more labori-

ous and data intensive fixed irrigation schedule (chapter 3.7.4). Solely because the pro-

gramme allows only a new watering event if the soil water content is as low as FC. The 

deployed field managements, SAWAH with a ponding water layer and the traditional 

system with a regular set back to saturation point, ensured always soil water contents 

above FC and eliminated the possibility of a TAW reduction below FC effectively. The 

possibility of manipulating the soil volume in percentile of FC and SAT in a way that FC 

features the value of SAT had to be disdained, because AquaCrop plots soil water con-

tent (SWC) only till SAT and neglects any standing water on top of the field. However 

results generated by the programme seemed not trust worthy because all irrigation 

amounts, regardless of season and management scheme, ranged around 400 mm.  

However, the chosen irrigation mechanism was able to supply the exact amount of water 

to the individual plots as observed in both cultivation cycles and was therefore a solid 

starting point for the water household analyses. Unfortunately this method is depended 

on observed data and has following that only little application capability in circum-
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stances where exact irrigation amounts are unknown. That leads to serious AquaCrop 

application constrains in areas with less knowledge on the amount of irrigation, but es-

pecially for all future predictions, where no information on water input is available. 

 

5.3.2 Groundwater simulation difficulties  

The newly introduced GW function in AquaCrop is extremely important particularly in 

an environment like an IV where hydrological processes are strongly influenced by the 

seasonal variations of groundwater level and slope run off (surface and intermittent) as 

stated by Windmeijer and Andriesse (1993). However, the GW function offered by 

AquaCrop has two major constraints which limit its application.  

First is it only possible to simulate a variable GW table for 100 days (programme soft-

ware limitations), which is too short if the crop reaches maturity later. In this study crop 

maturity was reached in the dry season between 109 and 117 DAT and in the wet sea-

son between 119 and 125 DAT. Here, for the remaining days a stagnant groundwater 

table, in magnitudes observed at the end of the growing cycle, was assumed. This infor-

mation gap has indeed increased the simulation uncertainty and might have contributed 

to errors noticed within the work. 

Second is the model only able to simulate the GW table to soil surface instead of simulat-

ing GW as a ponding water layer on field tops. This limitation seems for most areas non-

relevant, but in case of the studied IV breached the GW quite often the ground, generat-

ing a standing water layer. Additionally is the entire groundwater function conceived in 

the dimension of meters which leads to a model insensitivity exceedingly in environ-

ments where the GW body is close to the terrain surface. Next to groundwater input 

limitation are these two constrains severe regarding the modelling accuracy and have to 

be considered by the evaluation GW, water household and the entire AquaCrop simula-

tion result.  

 

5.3.3 Percolation simulation accuracy 

All attempts failed to modify soil properties (such as soil texture, soil horizon composi-

tion, soil surface infiltration, CN-value, etc.) in order to match observed with simulated 

percolation values. In this context it has to be mentioned that margins to adjust soil 

properties are narrow, because soil texture and run off values are known. Regarding 

that fact solely the introduction of an impermeable soil layer in a depth of one metre 
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enabled AquaCrop to calculate percolation values in quantities recorded in Bamè. Al-

though this step is quiet drastic, regarding the fact that no knowledge of such a layer is 

present the hazard of consequences was accepted for the sake of good simulations re-

sults.  

 

5.3.4 Option of crop rotation cycles 

AquaCrop features the possibility to simulate successive years and crop rotation cycles. 

The application of the latter option would have been useful for the presented study, be-

cause possible soil fertility memory effects could have been analysed and perhaps made 

liable for yield reductions in the consecutive wet season. Furthermore could have time 

been saved by the avoidance of modelling every plot and season individually. Reason for 

the option omittance is the fact that AquaCrop adopted unfortunately not the crop de-

velopment dates set in the individual crop files, but has rather chosen random dates, 

hampering a correct crop development. Therefore have all plots in both seasons been 

simulated in single run projects leaving the possible soil memory effects uncertain. A 

possible explanation for such programme behaviour might be the fact that AquaCrop is a 

32-bit application and can only run on 64-bit computers with the intermediate step of 

installing the programme on a 32-bit computer as done in this particular case. Other 

reasons might be software errors or developing insufficiencies. This circumstance led, 

throughout the whole study, to repeated programme freezes, saving difficulties and 

sometimes calculation uncertainties, where the same input parameters led to different 

results.  

 

Another problem is operating AquaCrop in an environment with slopes, as in the current 

study. Slopes trigger run off and reduce water infiltration in the soil (Brutsaert, 2005). 

The studied IV possesses slopes between 1 and 2 % influencing the run off indeed to a 

certain extent but AquaCrop had to neglect the sites slop gradient due to lack of option. 

This detail is of importance regarding the fact that within the field levelling process 

(field preparation) a little slop gradient was kept in order to make sure that on the one 

hand the entire field could be watered and other hand a water flow from the irrigation 

inlet to the drainage outlet tube could be guaranteed.  
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5.3.5 Data input  

AquaCrop hosts a user friendly interface and has a fast growing global user group (Hun-

ink and Droogers, 2010; Abedinpour et al. 2012). The graphical user interface (GUI), de-

signed in layers (Steduto et al. 2009) is indeed very helpful while working with 

AquaCrop, although it has several deficiencies making it sometimes time intensive and 

tiresome working with the model. For instance has AquaCrop no function to import data 

from other data files. This is particular tedious while adjusting climate and irrigation 

data, because every issue related information has to be separately supplied for the rele-

vant files. Disregarding the amount of time needed to enter the data this circumstance 

might be apart from the usual human imperfection while conducting experiments one of 

the major source for mistakes and consecutive simulation errors. 

 

5.4 Improvement potential of AquaCrop data input  

 

5.4.1 Desirable soil data 

Fohrer et al. (2005) explained that hydrological models can support well-balanced man-

agement decisions. To do so a certain amount of input variables have to be supplied.  

Although, AquaCrop demands a low amount of input parameters (Heng et al. 2009; 

Steduto et al. 2009) have been the supplied data sets in this particular study insufficient 

to simulate the complexity of the investigated IV. Except the meteorological data set host 

all data series gaps and deficiencies, which complicate an error-free modelling process. 

The foundation to model a crop growing cycle accurately is detailed information on the 

substrate. In the present study the soil property cornerstones PWP, FC and Ksat, could 

not be identified and had therefore be substituted by literature. That left room for un-

certainties which aggravated the modelling process and hampered the simulation. To 

minimize insecurities these three soil characteristics should be designated ideally for 

several depths. Andarzian et al. (2011) for instance supplied this information while 

simulating a wheat production cycle for depths 0-15, 15-30, 30-45, 45-75 and 75-105cm. 

Tantamount is multi depth knowledge on soil texture helpful in order to classify the in-

vestigated soil and draw conclusions of soil fertility (here in the study soil texture was 

supplied only for the top layer). Beyond that are information on soil water content, pH, 

bulk density, electrical conductivity, content of organic matter, nitrogen, phosphorous, 
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potassium of various depths beneficial to characterize the soil in more detail and to fa-

cilitate an easier modelling process. 

 

5.4.2 Desirable phenological data  

Crop modelling takes a good understanding of the investigated plant, considering unique 

characteristics of different growing stages and their particular demands. Essential to 

simulate a plant in a computer model are observed information of its performance on 

site. For a crop simulation it is crucial to observe the entire growing cycle of the plant 

starting from the sowing respectively transplanting all the way until harvest. Eminently 

important are field observations which note all vital events such as duration of trans-

planting shock, length of each crop stage, attainment of maximum CC, start of senes-

cence and attainment of maturity. Equally essential is consistent field surveillance 

throughout the entire growing cycle rendering detailed insight of canopy density and 

decline speed once senescence has been reached. However, most desirable in this con-

text is the quantification of biomass accumulation performed by a regular harvest of a 

certain field area (Andarzian et al. 2011) or a certain amount of plants (Abedinpour et al. 

2012). The exact conductance of field monitoring helps to adjust crop growing and crop 

decline factors in the modelling tool in a way that the simulation is as realistic as possi-

ble.  

In the conductance of the experimental trial in Bamè, although multiple phenological 

characteristics have been recorded, were important parameters such as biomass accu-

mulation rate, the maximum canopy cover, start and development of senescence not be 

taped. Solely at the end of the cultivation cycle the final harvest as dry matter for both, 

the attained grain and biomass yield have been measured. This situation left several un-

certainties in the modelling process and raised the need to assume for instance maxi-

mum field canopy cover, senescence speed and biomass build-up. 

Furthermore, additional recordings such as root length, root expansion speed and de-

tailed leaf area index measurements would alleviate the adjustment of the modelling 

tool.  

 

5.4.3 Desirable data on water supply 

The supplied water data for this study is elaborate and comprehensive providing infor-

mation for most AquaCrop input functions. However, the data series possess gaps cover-
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ing on the one hand only parts of the growing cycle and on the other hand leaving blank 

spots on several days within the cropping period. Therefore the aim should be to im-

prove data series in a way that data interruptions can be avoided and water related in-

teractions can be indentified more easily. The recording of complete groundwater and 

percolation data deserves special attention because this information explains on the ba-

sis of attained soil properties the water movement within the research site and helps to 

increase water efficiency by avoiding water wastage. 

On top of the already conducted water in and output plotting would be a water quality 

analyses quiet helpful to determine whether the water itself contains substances ham-

pering plant growth. Possible irrigation water impurities are quiet likely regarding the 

fact that the stream feeding the site passes several villages which might dispose efflu-

ents and garbage in the water. Especially on the salt content should be focused because 

AquaCrop features an option to adjust the water quality regarding the salt content. 

 

Examining the dimension of data collection in Bamè a particular demand of data re-

cording expansion is notable in the pedological and phenological area. The accuracy of 

the water management data should be increased by closing gaps in the data set and by 

synchronising the recordings with the length of the cultivation cycle. The provided me-

teorological information is sufficient for all requirements of this study.  

Beyond that is it most desirable to extent the recording length of all parameters in order 

to provide information for several dry and wet seasons. This would boost the result 

comparison possibility and lay the foundation for a solid model calibration and valida-

tion attempt in this environment. 

 

5.5 Cultivation system productivity comparison 

 

5.5.1 Absolute transpiration and evaporation values 

Within the experimental trial several rice cultivation systems (chapter 3.3) have been 

applied in order to answer the research question: What applied management system 

delivers the highest water productivity efficiency regarding the fertilizer and water sup-

ply? In this circumstance was the aim to verify the yield and productivity advantage of 

the SAWAH system compared to the conducted traditional system claimed by Abe and 

Wakatsuki (2011). 
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The performance of SAWAH and traditional management technique, considering the 

absolute amounts of evaporation, transpiration and evapotranspiration differ between 

seasons and fertilization schemes substantially. Acting on the assumption that transpira-

tion rate and amount of biomass yield are positively correlated as forwarded by Steduto 

et al. (2012) and the idea that evaporation is an unproductive water loss (Lal, 2012) can 

the results of Table 15 be discussed in the following way: In the dry season both fertil-

ized systems perform comparable. Whereas in the wet season transpiration of SAWAH is 

24 % higher and E is 4 % lower than in the traditional system. Although, this transpira-

tion deviation cannot be confirmed by their individual seasonal harvest indexes with 

only a slightly higher value for the SAWAH system (dry season: 48 %; wet season: 51 %) 

compared to the traditional system (dry season: 47 %; wet season: 50 %) in both sea-

sons. Direct comparison of SAWAH and traditional non-fertilized systems revealed as 

well for both seasons a higher amount of transpiration in SAWAH whereas evaporation 

is for both water management techniques in the same magnitude.  

The SAWAH system is able to build more biomass (t ha-1) in the unfertilized schemes 

(season independent) as well as in the fertilized treatments in the wet season and shows 

season and treatment independent higher harvest indexes than the traditional system. 

That leads to the conclusion that on the one hand the SAWAH system outcompetes with-

out additional fertilizer application, independently of the season, the traditional system. 

On the other hand seems the SAWAH technique to be superior to the traditional system 

in fertilized schemes in the wet season. Considering these circumstances it can be sug-

gested that SAWAH possesses an advantage in competition against the traditional sys-

tem.  

 

Water productivity based on yield per unit of water consumed can be used as an impor-

tant indicator for the evaluation of the performance of a crop cultivation system (Oweis 

and Hachum, 2006). Figure 25 presents the WP considering the water transpired (WPTr), 

evapotranspired (WPET) as well as the amount of supplied water (WPI+R) to fields. WPET 

values found in this study range with values between 0.54 kg m-3 (traditional non-

fertilized) and 1.05 kg m-3 (SAWAH fertilized) at the lower end of research results com-

piled by Zwart and Bastiaanssen (2004) who stated a minimum WPET of 0.46 kg m-3 for 

an experiment conducted in India and a maximum WPET of 2.20 kg m-3 for a trial carried 

out in China. This gap between fertilized and non-fertilized transpiration of 0.51 kg m-3 
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can be confirmed with statements of Jensen et al. (2003) and Pala et al. (2007) who sug-

gested that the application of sufficient N fertilizer significantly increases transpiration 

and water use efficiency and hence improves yield. Following that outlined Raes et al. 

(2009) that lower N dosages may lead to lower crop water productivity.  

 

WPTr range is much narrower than the one of WPET with a minimum of 2.02 kg m-3 and a 

maximum of 2.28 kg m-3 (Table 16). Overall is the difference between SAWAH and tradi-

tional, as well as fertilized and non-fertilized management schemes negligible. Explain-

able is such a value density on the one hand with the fact that biomass build up and 

transpiration are strongly correlated (Steduto et al. 2012) and on the other hand with 

the absence of a mechanism decreasing the value such as evaporation in the WPET equa-

tion (see equation 10 and 11, chapter 3.9.2). That implies no matter how small a yield 

has been on a particular plot the transpiration adopted as well a low value which guar-

antees a high WPTr value.  

WPI+R considers in contrast to both other indicators exclusively the water input and fo-

cuses therefore especially on the obtained yield in relation to deployed water amount. 

Obvious at the introduced results in Table 16 is that the performance of all SAWAH sys-

tems are outperformed by their traditional counterparts. Values for the traditional sys-

tem range between 0.39 and 0.74 kg m-3 whereas the WP in the SAWAH system reach 

only values between 0.19-0.50 kg m-3. In this context is the competition advantage is 

clearly on the site of the traditional management. Reason is the water saving potential of 

the traditional system compared to the SAWAH system while yields are only slightly re-

duced. Here it becomes evident that higher yields and high WPTr and WPET of SAWAH 

are owed to an excessive water supply. That implies that the SAWAH system is under no 

circumstance an efficient cultivation possibility for environments where water is or will 

be scarce in future. This conclusion can be proven with the fact that the SAWAH tech-

nique is on one hand unable to meet WPI+R magnitudes determined by Bouman et al. 

(2007) with a range of 0.60 and 0.97 kg m-3 and is on the other hand at the very bottom 

of the value span ascertained by Tuong and Bouman (2001) with 0.2-1.2 kg m-3.   

 

5.5.2 Best suited management system for the analysed inland valley 

Two out of three WP indicators have proven that the SAWAH system possess a competi-

tive advantage over its direct traditional based counterpart. Highest WP, based on the 
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indicator WPTr and WPET can be achieved in a SAWAH system with additional fertilizer 

application guaranteeing non-limiting soil fertility. However, this high competiveness of 

the SAWAH water management technique vanishes as soon as the amount of water de-

ployed is brought into relation to yield generated (chapter 3.9.2 and 4.4.8). 

Therefore is the application of the SAWAH system in environments with limited water 

supply questionable and should be abandoned in favour for another water management 

system. Belder et al. (2004) suggest in landscapes with shallow groundwater tables, as 

observed in this study, a water management similar to the here conducted traditional 

system. The suggested possible water saving between 10 and 30 % as expected by 

Belder et al. (2005) for such an irrigation system is in the current study outstripped by 

far with a saving of 75 % (dry season) and 95 % (wet season) between the administered 

average traditional and average SAWAH gross water applications (compare Table 5). 

Although the deployed water amount is much lower have WPTr and WPET values of the 

traditional system not fallen forlorn behind values of SAWAH (compare Table 16 and 

Figure 28). An explanation for this observation could be (water treatment independent) 

the secured access of rice roots to moisture through the high groundwater table and 

capillary rise in Bamè. That ensured an adequate water supply avoiding any water stress 

on the plant especially in most sensitive stages which are in general between floral or 

panicle development and the end of flowering (Craufurd et al. 2011). 

Anyhow, the SAWAH water management system shows on the observed research site 

the best WP ratios (considering plant performance) and should as long as water is 

unlimited, without competition to other utilizations, available be favoured over the tra-

ditional system. On top of the productivity advantage describe Abe and Wakatsuki 

(2011) additional beneficial characteristics of the SAWAH system such as the reduction 

of weed growth and thereby the reduction of labour for weeding and the degradation of 

iron toxicity in the soil. A major positive factor of SAWAH is the sustainable productivity 

allowing rice cultivation without the need of a fallow period in order to restore soil fer-

tility. That pushes the efficiency of SAWAH far ahead to other cultivation concepts, espe-

cially compared to the commonly applied upland cultivation in West Africa, with an 

equivalent of 1 hectare SAWAH to 10 hectare upland rice cultivation (Wakatsuki et al. 

1998). These additional advantages of the SAWAH system have not been part of the 

evaluation and have therefore not considered in the analyzes.  
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6 Conclusion 

In the presented study the crop modelling tool AquaCrop, in the recently published ver-

sion 4.0, has been used to simulate rice crop growing cycles of several management sys-

tems in a subtropical environment. The provided basis for this attempt was a data set 

derived at a research site in an inland valley in central Benin, Africa. The data set covers 

metrological, water and field management data as well as pedological and phenological 

information of a dry and a consecutive wet season of the year 2011.  

Aim of this study was it on the one hand to evaluate the ability of AquaCrop to simulate 

rice growth in this environment during a dry and a consecutive wet season. On the other 

hand was the target to develop on the basis of the modelling results a suggestion for the 

best suited rice cultivation management at field level focusing on the appraisal of multi-

ple water productivity efficiencies. 

 

AquaCrop computations showed for both seasons (verified by several applied statistical 

indicators) good agreements to measured biomass and grain yields. These findings lead 

to the suggestion that AquaCrop can be a vital tool in the decision process to opt against 

a particular management in favour for another. Hereby provides the model different 

emphasis evaluating the management technique either by the means of absolute yields 

or water production efficiencies as proposed in this work. 

 

Concluding can be stated that the deployed version of AquaCrop is better suited to simu-

late a complex environment of an inland valley as its predecessor versions, especially 

due to the introduction of the groundwater adjustment function. Nevertheless was the 

modelling process aggravated by a suboptimal incomplete data set as well as constrains 

in the operation of AquaCrop. Therefore all results obtained in this study, to be wielded 

with all constrictions and exceptions discussed within this paper.  

The management system evaluation showed that in general the fertilized schemes out-

competed the non-fertilized considering absolute yields and water productivities. There-

fore, is the suggestion independently from the chosen water management in favour for 

fertilizer application strongly recommended. However, that does not imply that any fer-

tilization scheme or even worse the scheme with the highest fertilizer deployment will 

maximize the absolute yield and water productivity. Therefore should fertilizer amounts 
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precisely be adjusted with the aim to supply the crop with the optimum nutrient amount 

and to minimize on the other hand the nutrient leaching into water bodies.  

Following that approach cultivation costs and environmental hazards can be minimized 

and will help to sustain long term agricultural farming in a particular area.  

While analyzing the water productivity values it became apparent that the SAWAH pro-

duction technique is superior in both indicators considering solely the yield and plant 

performance (WPTr and WPETc) against the traditional system. Howbeit the traditional 

system outcompetes SAWAH in regard to yield and deployed water amount (WPI+R) with 

a vast margin.  

These facts leave either the possibility to decide for the SAWAH system if the emphasis 

is set on maximization of absolute yields and if water supply is abundant. In case the 

focus is placed on the ratio water input and generated yield the traditional system 

should be favoured. The circumstances discovered in Bamè inland valley suggest, since 

water supply seems to be inexhaustible and water utilization conflicts can be excluded, 

that the rice cultivation should be applied and even extended on the basis of the SAWAH 

system. 

Long term is the competition advantage, especially considering the world wide numer-

ously discussed decrease on global fresh water supply of the SAWAH water management 

as conducted in the present paper doubtable and might be substituted by another tech-

nique such as the traditional.  
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8 Appendix 

 

Background Africa Rice Center 

One of the worldwide leading research institutes concerning rice is the Africa Rice Cen-

tre. The Africa Rice Centre, (AfricaRice) formerly known as West Africa Rice develop-

ment Association (WARDA) found in 1971, is a member of CGIAR (Consultative Group 

on International Agricultural Research) and focuses on various arrays concerning rice 

breeding, production and marketing. The centre operates in several African countries 

(e.g. Benin, Burkina Faso, Ghana, Senegal) and is funded by a variety of sources, such as 

the Food and Agricultural Organization (FAO), the World Bank, the African Development 

Bank (AfDB), German Development Agency (GIZ) as well as several private donors (Afri-

caRice, 2012). The Aim of the centre is to: “contribute to poverty alleviation and food 

security in Africa, through research, development and partnership activities aimed at 

increasing the productivity and profitability of the rice sector in ways that ensure the 

sustainability of the farming environment” (AfricaRice, 2012).  
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2116 -10.3 0.9 3.2 4.3 3.9 2.3 4.7 3.9 3.1 4.8 1.6 -0.4 0.4 2.9 1.1 -0.3 1.3 0.8 

1111 7.3 9.2 7.9 3.2 2.8 3.4 1.1 1.4 1.9 1.4 9.6 10.6 9.9 8.7 11.3 11.6 11.3 10.5 

1116 2.3 1.5 3.9 5.7 5.3 3.8 5.6 4.2 3.6 5.2 2.5 -0.7 2.3 3.4 0.9 -1.2 -0.4 0.3 

1101 -18.3 -14.6 -17.9 -20.2 -18.5 -16.2 -17.5 -16.7 -16.3 -16.6 -7.7 -5.8 -6.8 -9.3 -5.8 -5.2 -6.2 -7.8 

1106 -4.1 0.1 2.1 3.8 1.5 1.0 3.0 1.9 0.8 3.0 -0.9 -3.2 -0.8 0.9 -1.8 -4.0 -2.6 -2.3 

1201 -43.9 -38.3 -43.6 -43.5 -39.7 -35.7 -36.1 -34.7 -34.4 -34.5 -24.9 -22.2 -23.4 -27.2 -22.9 -21.9 -23.6 -26.1 

1206 -10.4 -1.4 0.2 1.9 -2.4 -1.8 0.3 -0.5 -2.0 0.7 -4.3 -5.7 -3.9 -1.7 -4.5 -6.8 -4.7 -4.9 

1211 -11.2 -8.6 -13.0 -15.5 -10.8 -8.2 -9.7 -9.3 -8.2 -9.6 -2.6 0.7 0.3 -1.1 2.6 3.7 2.9 0.5 

1216 -11.3 -13.8 -13.1 -7.3 -8.6 -10.3 -6.3 -7.7 -10.2 -6.3 -7.1 -8.4 -7.6 -6.2 -7.2 -9.4 -8.2 -7.7 

2211 -3.3 -1.3 -4.1 -4.6 -4.2 -3.4 -4.2 -3.7 -2.6 -3.3 1.2 5.2 4.9 2.6 3.2 5.2 1.2 -1.2 

2216 1.4 -2.6 0.8 1.6 2.5 0.9 1.6 0.9 -0.4 1.3 -0.7 -3.5 -2.2 1.3 0.2 -0.5 1.9 2.6 

2201 -0.1 2.1 -0.8 -3.3 -2.3 -2.2 -4.4 -3.5 -1.3 -1.9 1.9 5.8 3.6 3.1 4.3 7.3 0.5 -1.7 

2206 4.5 3.7 4.1 2.7 0.4 -0.8 2.2 -1.0 -2.1 0.8 -1.3 -4.7 -3.2 1.9 -3.4 -4.1 0.1 0.8 

Table 17: Table 17 - Table 21 show dry season´s daily GW level for every toposequence. Within the dry season DAT 1 until DAT 79 are recorded. Values show actual distance to 
soil surface (cm). Minus values indicate below soil surface. Positive values stand for height of ponding water layer on soil surface (cm). All values have been measured, except 
toposequence 1101-1106 (dark grey); these values have been calculated on the basis of average values of neighbouring toposequence (1111-1116 and 1201-1206). 

Table 18: Dry season´s groundwater table (cm) for DAT 19 – 36.  
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Field   37 DAT 38 DAT 39 DAT 40 DAT 41 DAT 42 DAT 43 DAT 44 DAT 45 DAT 46 DAT 47 DAT 48 DAT 49 DAT 50 DAT 51 DAT 52 DAT 53 DAT 54 DAT 

2101 
D

is
ta

n
ce

 g
ro

u
n

d
w

at
er

 t
o

 s
o

il
 s

u
rf

ac
e 

(c
m

) 
  -26.5 -26.8 -27.5 -14.2 -37.6 -24.2 -25.6 -24.8 -26.7 -25.8 -27.1 -26.8 -27.2 -26.2 -24.8 -25.6 -26.7 -28.2 

2106 -2.6 -3.1 -3.8 -8.4 -13.2 -2.3 -0.1 -1.2 -3.4 -8.4 2.9 0.8 -2.3 -0.5 -1.1 1.6 0.7 -0.4 

2111 -6.3 -7.7 -6.2 -10.1 -11.2 -1.4 -3.4 -2.5 -4.3 -5.2 -6.8 -5.2 -6.4 -6.2 -4.7 -6.1 -4.6 -1.6 

2116 1.2 0.9 1.2 -2.7 -5.8 -3.1 -1.1 -0.3 -2.1 -3.6 2.6 0.5 0.2 1.7 3.3 2.9 4.2 3.4 

1111 11.8 11.1 11.7 -0.7 6.3 11.4 11.2 10.8 11.1 11.2 12.8 14.6 13.2 12.9 11.7 15.2 13.9 13.3 

1116 3.2 2.9 3.8 4.3 4.3 4.9 5.2 4.8 5.7 6.8 9.5 11.6 10.7 9.8 10.5 10.7 9.6 7.3 

1101 -12.0 -14.1 -13.8 -23.1 -19.7 -12.0 -12.8 -11.7 -10.1 -9.5 -12.8 -11.8 -13.5 -7.4 -7.0 -11.5 -12.5 -13.6 

1106 1.0 2.8 3.8 4.3 4.1 5.0 5.8 6.4 7.2 7.4 7.2 8.1 7.4 6.9 7.6 7.3 7.1 6.6 

1201 -35.8 -39.2 -39.2 -45.4 -45.6 -35.3 -36.7 -34.2 -31.3 -30.2 -38.3 -38.1 -40.2 -27.6 -25.6 -38.1 -38.9 -40.5 

1206 -1.2 2.7 3.7 4.3 3.9 5.1 6.3 7.9 8.7 7.9 4.8 4.6 4.1 3.9 4.6 3.9 4.6 5.9 

1211 -6.4 -11.4 -11.7 -15.2 -15.3 -4.1 -6.4 -7.2 -1.4 -2.3 -8.4 -9.4 -10.6 -7.9 -0.2 -8.1 -7.2 -3.6 

1216 -3.8 3.6 5.4 4.8 2.7 2.8 4.7 3.6 4.7 5.3 3.1 2.7 1.8 1.8 2.3 1.9 0.7 1.9 

2211 -1.8 -2.4 -2.7 -14.0 -14.2 2.2 3.2 1.7 -0.7 1.2 -1.3 -1.3 2.8 1.8 2.5 4.4 4.9 5.3 

2216 4.9 7.4 6.8 6.3 6.1 3.8 3.6 2.6 4.2 5.5 5.4 5.4 4.8 4.8 4.6 4.3 4.3 8.6 

2201 -7.5 -9.6 0.6 -11.2 -11.2 2.7 3.3 2.3 2.3 1.4 1.9 1.8 4.9 3.6 3.6 5.9 5.3 5.7 

2206 -0.2 -0.7 -1.2 -1.2 -1.9 -3.1 -2.1 -1.6 -0.3 -0.3 -1.2 -1.1 1.2 0.8 3.5 1.7 1.7 4.7 

 

Field   55 DAT 56 DAT 57 DAT 58 DAT 59 DAT 60 DAT 61 DAT 62 DAT 63 DAT 64 DAT 65 DAT 66 DAT 67 DAT 68 DAT 69 DAT 70 DAT 71 DAT 72 DAT 
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  -27.9 -27.4 -26.3 -25.7 -25.6 -26.2 -24.6 -25.3 -24.9 -25.5 -24.8 -26.4 -27.1 -26.5 -25.2 -24.7 -24.5 -27.3 

2106 -6.6 -3.4 -0.4 -0.3 -2.1 -2.9 1.3 0.8 -1.3 -0.4 -0.7 -2.5 -1.4 -0.3 -3.5 -3.7 0.8 -15.8 

2111 -3.4 -2.5 -4.7 -3.8 -5.3 -5.8 -2.1 -2.4 -1.4 -2.1 -1.3 -3.3 -4.5 -2.7 -3.6 -4.8 -5.1 -5.7 

2116 -0.2 1.8 2.3 2.7 3.5 2.6 6.4 5.7 4.6 5.5 5.1 4.4 5.7 5.2 1.1 0.6 2.9 -3.9 

1111 11.8 12.1 12.9 12.7 12.1 11.8 13.7 13.4 12.7 12.4 12.8 13.3 12.7 12.6 15.2 16.4 16.6 15.9 

1116 6.8 7.7 6.4 6.8 9.8 9.2 9.9 9.8 8.7 7.7 6.6 7.9 9.9 10.2 11.4 11.8 11.3 13.8 

1101 -10.8 -11.1 -9.3 -9.9 -8.9 -10.3 -8.0 -9.0 -10.0 -11.0 -10.2 -10.4 -11.4 -11.0 -11.3 -10.9 -8.8 -9.5 

1106 5.2 5.3 4.9 5.3 7.6 7.0 7.7 7.5 7.5 6.6 5.7 7.1 8.3 8.7 7.3 7.2 7.7 9.3 

1201 -33.3 -34.2 -31.4 -32.4 -29.8 -32.3 -29.6 -31.3 -32.6 -34.4 -33.2 -34.1 -35.4 -34.6 -37.7 -38.2 -34.2 -34.8 

1206 3.6 2.8 3.3 3.8 5.4 4.8 5.5 5.2 6.3 5.5 4.7 6.3 6.7 7.2 3.2 2.6 4.1 4.7 

1211 -5.4 -5.4 -6.4 -5.5 -1.3 -1.6 1.3 0.7 -1.1 -2.5 -1.3 -1.8 -2.5 -1.8 -5.8 -5.3 -6.2 -7.1 

1216 -0.3 -0.6 0.8 0.2 2.9 2.7 2.6 1.8 2.2 1.7 0.8 1.5 2.1 2.8 5.7 5.9 8.4 4.5 

2211 2.6 3.3 -0.1 1.1 2.3 1.8 5.6 5.1 4.2 3.7 5.2 5.3 4.8 5.3 2.2 2.8 2.5 1.5 

2216 7.8 6.6 4.3 5.1 5.2 4.6 5.2 4.5 3.6 4.8 4.1 6.8 7.2 6.8 10.7 11.1 10.9 12.5 

2201 4.2 4.4 2.7 2.7 2.8 2.3 6.3 5.8 5.1 4.3 5.5 6.4 5.9 5.6 2.7 3.1 2.8 3.1 

2206 4.6 5.2 3.8 3.8 3.5 3.2 4.4 4.4 4.7 4.2 3.8 5.2 6.1 5.7 5.6 6.4 5.8 10.6 

Table 19: Dry season´s groundwater table (cm) for DAT 37 – 54. 

Table 20: Dry season´s groundwater table (cm) for DAT 55 – 72. 



 

iv 
 

 

  

Table 21: Dry season´s groundwater table (cm) for DAT 73 – 79. 

Field   73 DAT 74 DAT 75 DAT 76 DAT 77 DAT 78 DAT 79 DAT 
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  -41.2 -24.2 -25.2 -26.6 -24.1 -25.8 -26.7 

2106 0.4 -2.8 -2.8 -3.9 -1.8 -3.4 -2.1 

2111 -8.4 -5.3 -4.6 -5.2 -2.4 -3.9 -4.3 

2116 4.9 2.3 2.6 1.6 4.6 3.4 4.3 

1111 4.6 15.4 17.2 15.6 16.4 12.7 11.6 

1116 14.6 14.1 13.6 13.5 15.8 15.5 14.4 

1101 -19.9 -12.9 -9.0 -10.9 -9.5 -12.7 -13.0 

1106 10.7 9.8 9.5 9.2 11.8 11.3 10.8 

1201 -44.3 -41.1 -35.2 -37.4 -35.4 -38.1 -37.5 

1206 6.8 5.4 5.3 4.9 7.7 7.0 7.2 

1211 -6.2 -7.4 -7.6 -7.6 -3.7 -5.2 -6.4 

1216 5.7 3.6 4.3 4.4 7.7 6.6 7.4 

2211 3.1 2.1 1.6 1.4 4.4 3.7 2.8 

2216 16.1 14.9 14.4 14.3 15.8 15.4 15.1 

2201 3.3 2.6 2.6 2.3 5.4 4.8 4.1 

2206 10.4 9.9 9.6 8.9 11.8 11.5 11.8 
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Fields 

 
24 DAT 25 DAT 26 DAT 27 DAT 28 DAT 30 DAT 31 DAT 33 DAT 34 DAT 35 DAT 37 DAT 38 DAT 39 DAT 40 DAT 41 DAT 42 DAT 43 DAT 44 DAT 
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  -45.1 -40.5 -42.7 -42.3 -39.2 -42.5 -41.8 -39.3 -40.8 -40.7 -39 -37.3 -37 -39.6 -41.2 -42.4 -36.1 -37.7 

2106 -9.8 0.8 -7.1 -6.4 -0.3 -9 -15 1.2 -12 -19.5 1.5 2.5 -1.2 -9.5 -17.4 -23.2 -26.2 1.6 

2111 -9.5 -8 -8.2 -7.6 -6.4 -7.5 -7.8 -7.8 -7.4 -7.5 -6.8 -6 -5.8 -6.8 -7.4 -8.1 -2.7 -5.8 

2116 0.2 4.7 2.5 2.5 3.4 4.2 4 5.7 0 -12.8 5.8 6.6 5.4 3.7 0 -1.3 -2.3 3.9 

1111 8.9 10.2 7.8 8.7 9.7 9.5 9.1 9 10.2 10 9.2 10.2 10.5 8.8 8.4 9.7 10 10.2 

1116 1.4 3.5 4.1 3.9 4.8 5.6 5.5 6.5 6.2 5.8 5.5 5.8 5.7 3.3 3.3 3.2 2.8 4.2 

1101 -12.6 2.85 -4.3 -4.55 -4.3 -5.35 -5.7 -5.25 -4.9 -5.35 -6.35 -5.6 -5.6 -6.7 -7.1 -6.7 -6.4 -5.45 

1106 2.62 5 5 4.9 5.95 6.4 6.5 7.5 6.7 6.3 7 7.65 6.75 5.25 4.9 4.7 4.5 5.65 

1201 -34.1 -4.5 -16.4 -17.8 -18.3 -20.2 -20.5 -19.5 -20 -20.7 -21.9 -21.4 -21.7 -22.2 -22.6 -23.1 -22.8 -21.1 

1206 3.84 6.5 5.9 5.9 7.1 7.2 7.5 8.5 7.2 6.8 8.5 9.5 7.8 7.2 6.5 6.2 6.2 7.1 

1211 -2.4 0.4 -0.6 -0.5 0.6 1.6 1.8 1 0.6 0.2 -0.2 0.3 -0.1 0.8 -0.4 -1.1 -1 1.3 

1216 3.6 6.6 6.2 6.2 7.9 8.5 9 9.3 8 7.3 6.8 7.8 7.5 6.8 6.8 6.7 5.8 8.5 

2211 -10.7 -9.2 -10.5 -10.3 -9.2 -9.1 -8.7 -9.9 -9.5 -9 -9.5 -9.2 -9 -9.2 -9.7 -9.8 -9.2 -8.4 

2216 -1.5 0 0.1 0.5 1.7 3.2 5 6.4 6.4 6.4 5.9 6.5 6.6 6.8 6.8 6.7 6.5 8.2 

2201 0.4 2 0.1 0.5 0.8 0.5 1 0.5 9.6 0.6 0.1 0.8 0.5 0.4 -0.2 -0.1 1 1.2 

2206 7 8 7.5 8.2 9.9 12 13.4 15 14.6 14.6 14.5 14.7 14.5 14.8 14.2 13.9 14.2 15.3 

Field  45 DAT 46 DAT 47 DAT 48 DAT 49 DAT 50 DAT 51 DAT 52 DAT 53 DAT 54 DAT 55 DAT 56 DAT 57 DAT 58 DAT 59 DAT 60 DAT 61 DAT 62 DAT 
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-35.7 -37.2 -36.8 -38.5 -39.3 -36.5 -37.7 -37.7 -36 -39.3 -30.7 -35.5 -36.6 -32.5 -35.8 -35.4 -32.4 -32.8 

2106 1.8 1.2 1.6 -7 -11 -0.1 -2 -1 -6 -12 -8.2 -17.2 -25.1 -9.9 -8.4 -18.1 -9.9 -11.1 

2111 -2.4 -5.6 -5.2 -5.2 -5.5 -4.6 -5 -4 -3.8 -7 -0.5 -3 -4 -2.1 -3.2 -1.1 -0.1 -2.8 

2116 5.1 4.6 4.7 3.5 1.4 3 4 3.5 4.5 5 6.8 7.2 6.8 7.9 9.7 9.4 12.9 13.7 

1111 10.9 10.6 10.4 9.5 9.8 10.6 10.8 11 11.1 6.5 12.5 11.7 12.2 12.2 8.3 13.9 13.5 12.7 

1116 5.6 5.4 6.1 6.4 5.7 6.3 6.4 6 6 8.2 9.5 9.6 8.9 10.6 10.9 10.8 13.9 14.3 

1101 -5.15 -5.4 -3.4 -6.55 -8 -7.85 -8.35 -8.4 -8.75 -6.75 -3.6 -4.35 -4.45 -4.25 -5.65 -4.15 -2.4 -3.4 

1106 5.1 5.85 6.75 6.6 6.1 6.8 6.75 6.4 6.5 8.6 9.5 8.9 8.05 9.25 10.2 9.5 12.05 12.05 

1201 -21.2 -21.4 -17.2 -22.6 -25.8 -26.3 -27.5 -27.8 -28.6 -20 -19.7 -20.4 -21.1 -20.7 -19.6 -22.2 -18.3 -19.5 

1206 4.6 6.3 7.4 6.8 6.5 7.3 7.1 6.8 7 9 9.5 8.2 7.2 7.9 9.5 8.2 10.2 9.8 

1211 1.7 0.8 1.7 1.5 0.6 1.2 1.3 1 0.6 2 3.2 3.4 2.2 3.9 4.2 3.7 6.6 4.7 

1216 7.3 7.3 7.7 6.7 4.4 5.5 5.2 5.2 6.2 8 8.7 7.5 6.1 6.8 8.2 7.4 9.3 9.7 

2211 -7.6 -7.7 -7.7 -7.4 -8.2 -7.2 -7.8 -7.5 -7.5 -6.6 -5 -5 -6.1 -4.8 -4.4 -5.3 -1.7 -1.2 

2216 8.8 9.4 9.2 9.2 12.5 12.8 12.5 12 11.6 13.6 14.8 14.7 13.7 14.6 15.8 15.4 18.3 18.2 

2201 0.7 1.6 0.8 1.6 1.8 0.6 1.6 1.5 1.2 0.5 2.5 1.5 0.2 1.9 1.4 2.1 1.6 1.6 

2206 15.8 15.5 15.6 16 14.8 15.5 15.2 14.3 14 16 17 16.4 16.1 16.8 17.6 17.1 18.9 18.6 

Table 22: Table 22 - Table 26 show wet season´s daily GW level for every toposequence. Within the dry season DAT 24 - DAT 116 are recorded. Values show actual distance to soil 
surface (cm). Minus values indicate below soil surface. Positive values stand for height of ponding water layer on soil surface (cm). All values have been measured, except to-
posequence 1101-1106 (dark grey); these values have been calculated on the basis of average values of neighbouring toposequence (1111-1116 and 1201-1206). 

Table 23: Wet season´s groundwater table (cm) for DAT 45 – 62. 
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Field   63 DAT 66 DAT 67 DAT 68 DAT 69 DAT 70 DAT 71 DAT 72 DAT 73 DAT 74 DAT 75 DAT 76 DAT 77 DAT 78 DAT 79 DAT 80 DAT 81 DAT 82 DAT 

2101 
D

is
ta

n
ce

 g
ro

u
n

d
w

at
er

 t
o

 s
o

il
 s

u
rf

ac
e 

(c
m

) 
  -38.4 -36.5 -47.5 -39.3 -49 -42.5 -42 -36 -38 -39 -39.2 -38.3 -37.7 -35.7 -36.3 -34.4 -36.5 -34.5 

2106 -13.8 -14.8 -14.5 -14.8 -14.8 -14.5 -15.5 -15.8 -16.5 -17 -17.8 -18.5 -18.4 -18.5 -9.2 -8.7 -9 -9.6 

2111 -4.9 -4 -13 -9.4 -18 -9.8 -9 -5.5 -6 -6 -5.7 -4.5 -3.5 -2.2 -3.3 -1.8 -3.1 -1.4 

2116 13.2 12.6 13 13.5 13.5 12.8 12.2 11.5 11 11 10.1 9.5 9.4 8.8 8.7 8.5 8.2 8.2 

1111 12.2 12.5 2.7 4.5 -1.5 7.3 8.5 11 11.7 12 12.7 13.2 11.9 13.8 14.4 15.8 13.8 16.5 

1116 13.6 12.8 12.2 12.5 12 11.5 10.5 9.7 9 8.5 7.6 6.8 6.3 5.7 5.3 5.3 5 4.7 

1101 -4.55 -5.25 -10.4 -9.5 -12.75 -8.6 -8.25 -7.25 -7.15 -7 -7.25 -6.75 -7.65 -6.75 -6.55 -5.75 -6.85 -5.55 

1106 10.95 10.15 9.35 9.5 9.25 8 6.55 5.35 4 2.75 0.6 0.5 4.9 5.9 6.15 6.5 6.7 6.5 

1201 -21.3 -23 -23.5 -23.5 -24 -24.5 -25 -25.5 -26 -26 -27.2 -26.7 -27.2 -27.3 -27.5 -27.3 -27.5 -27.6 

1206 8.3 7.5 6.5 6.5 6.5 4.5 2.6 1 -1 -3 -6.4 -5.8 3.5 6.1 7 7.7 8.4 8.3 

1211 3.2 3.3 0.5 0.5 -2 -4 -4 -1.8 -1.5 -1 -0.8 -0.2 0.2 0.7 0.4 0.5 0.6 0.5 

1216 8.2 6.3 5.5 6 5.5 5 3 1.2 -1.5 -3.5 -6.5 -7.3 4.8 5.9 5.7 6.2 9.6 9.4 

2211 -1.6 7.7 -3 -2.5 -3.3 -4 -5 -5.3 -5.5 -6 -6.2 -6.8 -6.8 -7.2 -7.5 -7.6 -7.7 -7.8 

2216 17.2 16.6 16 16.2 16 15.5 14.5 14 13 12.5 11.2 10.8 10.1 9.7 9.5 9.3 8.7 8.9 

2201 0.2 1 -1 -0.5 -2.2 -1 -2.5 1 1 0.5 0.4 0.4 0.4 1.3 0.7 0.8 0.8 0.5 

2206 17.9 17.8 17.1 17.1 16.8 16 15.5 15 14.5 14 12.8 12.6 12.2 11.9 11.4 11.2 11 10.7 

 

Field   83 DAT 84 DAT 85 DAT 86 DAT 87 DAT 88 DAT 89 DAT 90 DAT 91 DAT 92 DAT 93 DAT 94 DAT 95 DAT 96 DAT 97 DAT 98 DAT 99 DAT 100 DAT 
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 -36.2 -36 -34.2 -35 -37 -35 -33.5 -34.3 -33.4 -33.5 -32.6 -34.1 -33.6 -32.5 -45.5 -38 -35.5 -33.8 

2106 -7.8 -9 -9.5 -9 -10 -8 -8 -9.6 -10.8 -7.7 -8.2 -8.2 -8 -8.5 -9 -8 -7.5 -8 

2111 -3.2 -2.5 -1.5 -2.5 -4 -2.5 -1 -1.6 -1.5 -1.7 -0.4 -1.9 -1.5 0.5 -12.5 -5 -4 -2 

2116 7.8 8.5 8 8 8 8 8 6.4 7.4 7.2 7.2 7.1 7 7 7 7 7 7 

1111 13 13 13.5 13.5 11.5 13.5 14.5 14.6 14.2 14.1 15 13.2 13.2 14.5 1.5 9.5 10 11.5 

1116 4.2 4.5 4 3.5 4 3.5 3 2.2 -0.8 2.2 2.1 1.9 2 2 2 2 2 1.5 

1101 -7.5 -7.25 -7 -7.25 -8 -7.25 -6.75 -7 -7.1 -7.15 -6.9 -7.65 -7.65 -7 -14.05 -9.75 -9.5 -8.75 

1106 6.25 6.5 6 5.5 5.75 5.5 5 4.8 2.85 4.9 4.2 3.9 4 3.75 3.5 3.5 4 3.5 

1201 -28 -27.5 -27.5 -28 -27.5 -28 -28 -28.6 -28.4 -28.4 -28.8 -28.5 -28.5 -28.5 -29.6 -29 -29 -29 

1206 8.3 8.5 8 7.5 7.5 7.5 7 7.4 6.5 7.6 6.3 5.9 6 5.5 5 5 6 5.5 

1211 0.2 0 0 0 0 -0.5 0 0.1 -0.1 -0.4 0.2 0.1 0 0 -3 -3 -2.5 -2 

1216 8.6 7.5 7 6 6.5 6 5.5 5.6 4.8 6.4 4.9 4.4 4.5 4 4 3 3.5 4 

2211 -8 -8 -7.8 -8 -8 -8 -8 -8.8 -8.5 -8.9 1.4 -8.9 -8.8 -9 -9.5 -9.5 -9.5 -9.5 

2216 8.4 8.5 8.5 8 8 7.5 7.5 7.4 7.1 6.9 6.8 6.5 6.5 6.5 6 6 6.5 5.5 

2201 0.2 0.5 1 0.5 1 1 1 0.6 0.8 0.9 0.8 0.1 1 1 -3 -0.5 0 0 

2206 10.4 10.5 10 9.5 10 9.2 9 8.6 8.4 8.4 8.2 7.9 8 8 7.7 7.5 7.5 7.5 

Table 24: Wet season´s groundwater table (cm) for DAT 63 – 82. 

Table 25: Wet season´s groundwater table (cm) for DAT 83 – 100. 
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Field   101 DAT 102 DAT 103 DAT 104 DAT 105 DAT 106 DAT 107 DAT 108 DAT 109 DAT 110 DAT 111 DAT 112 DAT 113 DAT 114 DAT 115 DAT 116 DAT 

2101 
D

is
ta

n
ce

 g
ro

u
n

d
w

at
er

 t
o

 s
o

il
 s

u
rf

ac
e 

(c
m

) 
-34.5 -34 -34.8 -35.5 -36 -35 -35 -35.5 -35 -34 -35 -49 -38 -49.6 -35 -33.8 

2106 -8 -10 -7.5 -6.3 -6.5 -7 -7 -8 -8 -8.5 -9 -11 -12 -13.5 -7.5 -9 

2111 -1.5 -1 -2 -2.7 -2.5 -2.5 -2 -2.5 -2 0.5 -0.4 -19.5 -5.5 -20.5 -2 1 

2116 7 7 6.5 6.7 6.5 6.5 6.5 5.5 6.2 6.5 6.5 6 6 6 6 6 

1111 12 11.7 10.5 10.7 10.5 10 10.5 9.5 9.5 12 10.7 -5.5 11 -4.1 11.5 13.5 

1116 1.5 1.5 1.5 1.6 1.2 1 1.5 1 1 1 1 1 1 0.6 0.5 0.5 

1101 -8.5 -8.65 -9.4 -9.2 -7.5 -9.75 -9.75 -10.15 -10.25 -8.75 -9.65 -17.5 -9.5 -18 -8.5 -7 

1106 3.5 3.25 3.5 -0.9 3.1 2.5 3 2.5 2.75 2.75 3 2.5 1 0.3 2.25 2 

1201 -29 -29 -29.3 -29.1 -25.5 -29.5 -30 -29.8 -30 -29.5 -30 -29.5 -30 -31.9 -28.5 -27.5 

1206 5.5 5 5.5 -3.4 5 4 4.5 4 4.5 4.5 5 4 1 0 4 3.5 

1211 -1.5 -1.3 -1.5 -29.2 -1.5 -2 -2 -2.5 -2 -2 -1.5 -7.5 -5 -7.8 -3 -0.5 

1216 5 4.2 5 7.6 6.5 5.5 6.5 5 6 6.5 6.5 7 3.5 1.1 5 5.5 

2211 -10 -10 -10 -1.6 -10.5 -10.5 -10 -10.5 -11 -10 -10 -19 -12 -20 -11 -9.5 

2216 5.5 5.5 5 5.2 5 5 4.5 4.5 4.5 4.5 4.5 4.5 4 4.3 4 3.5 

2201 -0.3 0.5 -0.5 -10.3 0 -0.5 0 -1 0 0.5 -6 -7.5 -0.5 -10.8 0 0.5 

2206 7 7 6.5 6.4 6.5 6.2 6.2 5.5 6 6 6.5 6 6 5.5 4 5.5 

Table 26: Wet season´s groundwater table (cm) for DAT 101 – 116. 
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  Grain yield (t/ha) Biomass yield (t/ha) Harvest Index 
Field Dry season Wet season Dry season Wet season Dry season Wet season 
2102 2.1 2.33 4.39 4.05 0.48 0.58 
2103 3.2 2.32 7.06 4.63 0.45 0.50 
2104 2.75 2.41 5.48 4.81 0.50 0.50 
2105 2.98 2.39 6.01 4.88 0.50 0.49 
2106 2.07 1.92 4.54 4.21 0.46 0.46 
2112 4.59 2.98 9.64 5.74 0.48 0.52 
2113 4.39 3.7 9.25 7.55 0.47 0.49 
2114 4.6 3.61 9.35 7.11 0.49 0.51 
2115 4.52 3.8 9.48 7.44 0.48 0.51 
2116 4.72 3.9 9.95 8.22 0.47 0.47 
2202 3.1 2.39 5.91 4.84 0.52 0.49 
2203 2.81 3.02 5.03 6.14 0.56 0.49 
2204 2.51 2.6 4.53 6.26 0.55 0.42 
2205 3.31 2.69 5.88 5.71 0.56 0.47 
2206 3.26 3.29 6.03 7.6 0.54 0.43 
2212 4.81 4.1 11.03 8.24 0.44 0.50 
2213 4.43 3.13 10.01 6.56 0.44 0.48 
2214 4.86 3.75 10.71 7.31 0.45 0.51 
2215 4.94 3.71 10.88 7.44 0.45 0.50 
2216 5.3 3.44 11.24 6.60 0.47 0.58 
1102 2.46 2.61 4.3 5.13 0.57 0.51 
1103 3.37 2.99 6.1 6.3 0.55 0.47 
1104 3.83 2.97 6.77 6.05 0.57 0.49 
1105 3.09 3.03 5.48 6.07 0.56 0.50 
1106 3.58 3.17 6.46 6.91 0.55 0.46 
1112 3.84 3.98 8.74 7.53 0.44 0.53 
1113 4.46 4.64 10.4 8.89 0.43 0.52 
1114 4.72 4.45 11.27 8.39 0.42 0.53 
1115 5.14 4.34 11.83 9.26 0.43 0.47 
1116 4.29 4.75 10.25 9.93 0.42 0.48 
1202 3.27 2.54 6.56 4.96 0.50 0.51 
1203 3.29 2.73 6.47 5.57 0.51 0.49 
1204 3.54 2.91 6.87 5.84 0.52 0.50 
1205 3.75 3.99 7.72 8.21 0.49 0.49 
1206 3.63 3.23 7.68 6.16 0.47 0.52 
1212 5.56 3.87 10.96 8.18 0.51 0.47 
1213 4.9 3.99 9.28 7.72 0.53 0.52 
1214 5.09 4.37 9.09 8.63 0.56 0.51 
1215 4.94 4.79 9.12 9.03 0.54 0.53 
1216 5.35 4.38 10.17 8.39 0.53 0.52 

Table 27: Observed harvest index, grain and biomass yield for the dry and the wet season. Values represent 
the average yield of harvested nine measurement corners. 
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Table 28: Soil evaporation (E), plant transpiration (Tr) and evapotranspiration (ETc) rates in (mm) for every 
research plot and season individually. 

  
Water vapour losses (fertilized) 

 
Water vapour losses (non-fertilized) 

   
dry wet 

  
dry wet 

 
 

 
E Tr ETc E Tr ETc  

 
E Tr ETc E Tr ETc 

T
 r

 a
 d

 i
 t

 i
 o

 n
 a

 l
 

re
p

e
ti

ti
o

n
 1

 2112 241 223 464 393 134 527 

re
p

e
ti

ti
o

n
 1

 2102 354 108 462 355 100 455 

2113 256 215 471 352 168 520 2103 292 172 464 363 114 477 

2114 244 221 465 365 156 521 2104 348 134 482 414 116 530 

2115 242 224 466 353 166 519 2105 327 146 473 404 118 522 

2116 234 231 465 336 186 522 2106 355 113 468 409 101 510 

 
       

 
       

re
p

e
ti

ti
o

n
 2

 2212 232 251 483 329 180 509 

re
p

e
ti

ti
o

n
 2

 2202 354 146 500 402 117 519 

2213 226 234 460 370 146 516 2203 377 122 499 369 145 514 

2214 236 246 482 343 163 506 2204 385 114 499 362 153 515 

2215 229 253 482 342 164 506 2205 355 145 500 376 138 514 

2216 207 253 460 364 144 508 2206 349 148 497 344 169 513 

 

                

S
 A

 W
 A

 H
 re

p
e

ti
ti

o
n

 1
 1112 270 202 472 362 179 541 

re
p

e
ti

ti
o

n
 1

 1102 417 108 525 419 122 541 

1113 242 237 479 343 202 545 1103 366 151 517 378 155 533 

1114 211 259 470 331 204 535 1104 351 164 515 385 150 535 

1115 196 271 467 321 209 530 1105 395 126 521 398 142 540 

1116 243 234 477 314 224 538 1106 362 154 516 374 162 536 

 
       

 
       

re
p

e
ti

ti
o

n
 2

 1212 236 252 488 359 192 551 

re
p

e
ti

ti
o

n
 2

 1202 331 162 493 419 121 540 

1213 268 216 484 359 192 551 1203 340 156 496 401 137 538 

1214 286 209 495 345 202 547 1204 351 165 516 393 144 537 

1215 283 211 494 337 209 546 1205 328 186 514 337 196 533 

1216 253 235 488 353 193 546 1206 309 181 490 383 150 533 
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Water productivity (kg/m-3) traditional fertilized Water productivity average (kg/m-3) traditional fertilized 

  
WPTr WPET WPI+R WPTr WPET WPI+R 

 
season dry wet dry wet dry wet dry wet dry wet dry wet 

repetition 1 

2112 2.07 2.34 1.02 0.69 0.50 0.62 

2.02 2.28 1.04 0.78 0.80 0.75 

2113 2.05 2.23 0.96 0.77 0.50 0.79 

2114 2.11 2.32 1.03 0.76 0.69 0.76 

2115 2.02 2.32 0.99 0.80 0.61 0.80 

2116 2.04 2.10 1.04 0.80 0.76 0.72 

        

repetition 2 

2212 1.91 2.32 1.03 0.88 0.93 0.87 

2213 1.91 2.19 0.99 0.69 0.97 0.67 

2214 1.99 2.32 1.07 0.82 0.95 0.79 

2215 1.96 2.27 1.07 0.81 0.96 0.78 

2216 2.11 2.40 1.17 0.77 1.15 0.72 

 
Water productivity (kg/m-3) SAWAH fertilized Water productivity average (kg/m-3) SAWAH fertilized 

  
WPTr WPET WPI+R WPTr WPET WPI+R 

 
season dry wet dry wet dry wet dry wet dry wet dry wet 

repetition 1 

1112 1.89 2.27 0.85 0.81 0.10 0.13 

2.10 2.19 1.05 0.87 0.42 0.50 

1113 1.89 2.32 0.94 0.91 0.21 0.52 

1114 1.83 2.28 1.02 0.93 0.21 0.70 

1115 1.90 2.11 1.11 0.91 0.34 0.71 

1116 1.84 2.14 0.92 0.94 0.41 0.59 

        

repetition 2 

1212 2.22 1.99 1.2 0.76 0.59 0.41 

1213 2.30 1.99 1.11 0.76 0.71 0.55 

1214 2.45 2.19 1.11 0.86 0.40 0.35 

1215 2.37 2.28 1.09 0.93 0.56 0.53 

1216 2.30 2.30 1.17 0.88 0.65 0.54 

Table 29: Traditional- and SAWAH fertilized water productivities. Water productivity shown for every plot and season and season average for every management scheme 

based on Transpiration rate (WPTr), evapotranspiration (WPET) and external water supply (WPI+R). 
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Water productivity (kg/m-3) traditional non-fertilized Water productivity average (kg/m-3) traditional non-fertilized 

 
WPTr WPET WPI+R WPTr WPET WPI+R 

season dry wet dry wet dry wet dry wet dry wet dry wet 

repetition 1 

2102 1.98 2.37 0.49 0.57 0.21 0.44 

2.10 2.02 0.62 0.54 0.44 0.51 

2103 1.88 2.11 0.70 0.55 0.31 0.41 

2104 2.05 2.10 0.60 0.50 0.32 0.47 

2105 2.02 2.07 0.65 0.51 0.40 0.46 

2106 1.82 1.94 0.46 0.42 0.24 0.41 

 
       

repetition 2 

2202 2.15 2.02 0.67 0.49 0.61 0.49 

2203 2.31 2.10 0.62 0.62 0.55 0.64 

2204 2.25 1.70 0.56 0.52 0.50 0.54 

2205 2.31 1.97 0.70 0.55 0.65 0.57 

2206 2.21 1.83 0.70 0.62 0.63 0.65 

 

Water productivity (kg/m-3) SAWAH non-fertilized Water productivity average (kg/m-3) SAWAH non-fertilized 

 
WPTr WPET WPI+R WPTr WPET WPI+R 

season dry wet dry wet dry wet dry wet dry wet dry wet 

repetition 1 

1102 2.30 2.05 0.51 0.49 0.07 0.08 

2.19 2.05 0.69 0.61 0.19 0.31 

1103 2.25 2.03 0.69 0.64 0.16 0.30 

1104 2.37 2.04 0.8 0.62 0.20 0.48 

1105 2.46 2.02 0.64 0.56 0.31 0.47 

1106 2.31 1.89 0.73 0.6 0.36 0.48 

        

repetition 2 

1202 2.02 2.12 0.67 0.53 0.07 0.10 

1203 2.10 2.02 0.67 0.56 0.09 0.10 

1204 2.14 2.05 0.72 0.6 0.11 0.26 

1205 1.99 2.03 0.75 0.77 0.20 0.49 

1206 2.01 2.21 0.76 0.68 0.36 0.30 
  

Table 30: Traditional- and SAWAH non-fertilized water productivities. Water productivity shown for every plot and season and season average for every management 

scheme based on Transpiration rate (WPTr), evapotranspiration (WPET) and external water supply (WPI+R). 
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Legend 
RunNr - Number simulation run Tr/Trx - Relative crop transpiration (100 Tr/Trx) 
Day1 - Start day of simulation run SaltIn - Salt infiltrated in the soil profile 
Month1 - Start month of simulation run SaltOut - Salt drained out of the soil profile 
Year1 - Start year of simulation run SaltUp - Salt moved upward by capillary rise from groundwater table 
Rain - Rainfall SaltProf - Salt stored in the soil profile 
ETo - Reference evapotranspiration Cycle - Length of crop cycle: from germination to maturity (or early senescence) 
GD - Growing degrees SaltStr - Average soil salinity stress 
CO2 - Atmospheric CO2 concentration FertStr - Average soil fertility stress 
MonthN - End month of simulation run TempStr - Average temperature stress (affecting biomass) 
Infilt - Infiltrated water in soil profile ExpStr - Average leaf expansion stress 
Runoff - Water lost by surface runoff StoStr - Average stomatal stress 
Drain - Water drained out of the soil profile Biomass - Cumulative biomass produced 
Upflow - Water moved upward by capillary rise Brelative - Relative biomass (Reference: no water, no soil fertility, no soil salinity stress) 
E - Soil evaporation HI - Harvest Index adjusted for failure of pollination, inadequate photosynthesis and water stress 
E/Ex - Relative soil evaporation (100 E/Ex) Yield - Yield (HI x Biomass) 
Tr - Crop transpiration WPet - ET Water Productivity for yield part (kg yield produced per m3 water evapotranspired) 
DayN - End day of simulation run YearN - End year of simulation run 
 Irri - Water applied by irrigation OR Net irrigation requirement 

Table 31: Exemplary AquaCrop output of the simulation run for field plot 1202, dry season. AquaCrop 4.0 (June 2012) - Output created on (date): 26.11.2012 at (time): 
20:52:37 – PLOT 1202 dry season. 

RunNr Day1 Month1 Year1 Rain ETo GD CO2 Irri Infilt Runoff Drain Upflow E E/Ex Tr Tr/Trx SaltIn SaltOut SaltUp SaltProf 

    mm mm °C.day ppm mm mm mm mm mm mm  %  mm  %  ton/ha ton/ha ton/ha ton/ha 

1 18 2 2011 480 479 2049 391.57 3933 242 3489 242 0 331 100 162 100 0 0 0 0 

Cycle SaltStr FertStr TempStr ExpStr StoStr BioMass Brelative HI Yield WPet DayN MonthN YearN 

days  %   %   %   %   %  ton/ha  %   
%  

ton/ha kg/m3    

98 0 42 0 0 0 6.69 52 49 3.275 0.67 7 6 2011 
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