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ABSTRACT 

M.A.T. Meeuwissen, 1997. Water, as a constraint on food production in the Sahel; influence of rainfall 
scenarios and crop densities on production and the water-use efficiency of millet. Wageningen (The 
Netherlands), DLO Winand Staring Centre. Report 139. 126 pp.; 28 Figs; 12 Tables; 81 Refs; 15 
Annexes. 

Until now problems with food production consists in the Sahel. Because of the unreliable climate 
farmers are sowing widespread to reduce risks. This gives low yields. To increase the yield it is an 
option to increase the crop density. By modelling, the optimum crop density is determined at 75 to 
100 cm. This is slighty closer than there is sown now. This optimum is determined by varying crop 
densities with several rainfall scenarios in the TRIGGER model. The crop density is spread between 
a maximum density (50 cm) and 150 cm. At this density the crop grows like individual plants. Rainfall 
scenarios are varied between 128 mm and 1474 mm. 
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Preface 

This report contains the results of a research carried at the DLO Winand Staring 
Centre in Wageningen, at the department Agrohydrology. It was carried out as 
graduation of the Master of Sciences programme Land & Water management, 
specialisaiton Natural Resources Management at the Larenstein College. 

The present study is a part of a larger research, which aims at understanding the 
reasons for a decline in rainfall and the need to predict climate changes in the future, 
either in response to external factors such as global C02 increase. A number of 
research projects are developed all over the world, in order to achieve this objective. 
One of these projects is the Hydrologie Atmospheric Pilot Experiment in the Sahel 
(HAPEX-Sahel). In order to get information about climate, soil properties and 
vegetation a Intensive Observation Period (IOP) was carried out in Niger in 1992. 
This research has been a cooperation of several international institutes, including 
the DLO Winand Staring Centre in Wageningen (SC-DLO). Results of this IOP are 
used for the present study, which is more an applied scientific subject and contributes 
to solutions for sustainable agriculture in Niger and the Sahel. 

The report was mainly written for specialists who are occupied with basic research 
to plant behaviour and hydrological processes, but can also be used by specialists 
who are occupied with sustainable farming system research. 

For the kind support and valuable assistance during this project I would like to 
express my gratitude to the supervisors of the DLO Winand Staring Centre, Pavel 
Kabat, Jan Eibers, Jaap Huygen, Barend van den Broek, Cees van Diepen and the 
supervisors of the International Larenstein College, Jan Pal te, Jack Schoenmakers, 
David Alexander. 
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Summary 

Introduction 

Arid and semi-arid lands occupy approximately one third of the world's land surface. 
The Sudano-Sahelian zone is one of them. This zone has a harsh climate, with low, 
but highly variable rainfall, high soil and air temperatures, high evaporative demands 
and poor soils. As a consequence the natural vegetation is sparse and will only grow 
during a short period, the rainy season. Rainfall is influenced by the intertropical 
convergence zone (ITCZ). It is accepted that the rainfall has been declining over the 
last two decades. 

Niger policy 
Niger is one of the countries situated in the Sahelian zone. Like other Sahelian 
countries it has problems with food production, population growth and degradation 
of its natural resources. 

After the famine of 1973-1974 the Niger government decided to aim at food 
self-sufficiency. As a result of this policy the production of millet and sorghum, the 
main food crops, increased to a reasonable extent. This increase was mainly brought 
about by means of increasing the agricultural area. However, production is still highly 
dependent on rainfall. Further expansion of the agricultural area is hardly possible, 
because only a small zone of Niger can be used for agriculture. Hence, to achieve 
a further increase in agricultural production other solutions should be found. 

Farming system 
The farming system is evolving from a shifting cultivation system towards a 
permanent system. As a consequence, natural resources are used more intensively, 
although the investments required to sustain the resources cannot be made. This 
results in soil degradation and decreasing yields. This trend is accentuated by a 
declining rainfall. 

Study is required to find solutions in order to arrest this downward movement. This 
report is a description of one of these studies, it is focused on the influence of 
different crop densities of millet as well as different rainfall scenarios at both biomass 
production of millet and millet water use efficiency (WUE). 

Methodology 

The TRIGGER model was used to research the effects of both rainfall and crop 
densities on production and WUE. Data required for this model were derived from 
HAPEX-Sahel measurements, done during the Intensive Observation Period(IOP) 
in Niger, and literature. 



During modelling a calibration was first carried out, whereafter a simulation could 
be done. During calibration most attention was paid to the hydrological processes. 
During simulation, in which both crop density and rainfall scenarios were varied, 
crop density was varied between 50 cm and 150 cm, while the rainfall scenarios were 
based upon rainfall variability and length of the rain season. 

Model & data requirements 

The TRIGGER model describes crop growth and soil moisture flow in the unsaturated 
zone. A waterbalance is the basis for the description of the climatological and 
hydrological processes. The plant growth is based upon the process of assimilation 
and dry matter partitioning over the different plant parts. 

Soil moisture flow in the unsaturated soil is described by the Richards' equation. 
This equation is based on Darcy's flux equation and the humidity equation. And 
additional sink term accounts for uptake of water by the roots. These processes are 
calculated per soil compartment for each timestep. 

Evapotranspiration is described by the Penman-Monteith approach. 

Plant dry matter production originates from the process of photosynthesis. C02 from 
the air is converted into carbohydrates. This process is the C02 assimilation. The 
rate of C02 assimilation depends on the radiation energy absorbed by the canopy, 
which is a function of incoming radiation and crop leaf area. Carbohydrates are 
mainly used for dry matter production and partly for maintenance respiration and 
growth respiration. The dry matter produced is partioned over the different plant 
parts: roots, stem, leaves and storage organs. 

Results 

Calibration 
The calibration could not be fulfilled satisfactorily, because the calibrated soil 
moisture content could not accurately be fitted with the soil moisture content. During 
the rainy season the measured points and calibration results showed the same trends 
in soil moisture changes, though the calibration results overestimated the soil moisture 
content. At the end of rain season the soil moisture data still remained water, while 
the calibration results showed a quick dehydration. Two reasons could be suggested 
for the differences: 
— Due to crust formation a large part of the rainfall is running towards the valley 

and so will not infiltrate at the millet plot. The TRIGGER model does not 
describe this until the required detail, this results in an overestimation of the soil 
moisture content. 

— Processes such as évapotranspiration in the vapour phase play a role during the 
dehydration, but can not be described within the TRIGGER model. 

The quick dehydration of the soil in the model affected the crop growth as well. The 
result of this quickly decreasing soil moisture content is that it becomes difficult for 
the plant to extract moisture, hence the plant becomes stressed and production will 
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leave behind or even stop. This process occured during calibration. For this reason 
only trends can be taken into account during simulation. 

Simulation 
The results of the simulation were focused on trends and relations, a quantitative 
analysis was of marginal importance. 

Out of the simulations can be concluded that the optimum crop density lays between 
a density of 75 cm x 75 cm and 100 cm x 100 cm. With this crop space even in a 
relative dry year a reasonable yield can be achieved. Hereby, it is expected that 
rainfall ranges between 420-780 mm. 

Both the actual transpiration and water use efficiency (WUE) is an linear function 
of crop production and rainfall, this means that the photosynthesis efficiency is 
independent of crop production and rainfall. The latter is rather unexpected, because 
it is expected that the plant senses stress with low rainfall amounts. 

The actual evaporation showed to be independent of crop density, this is rather 
unexpected as well, because it is expected that actual evaporation decreases with an 
increasing crop density. This decrease is a consequence of shading effects of the soil 
by the plant. 

Conclusions 

The present study can support to the research which aims at the development of a 
sustainable agricultural system in the Sahel. Though this study showed trends in crop 
production with different rainfall scenarios and crop densities, further field research 
will be required to analyse the detailed effects of a crop density increase on for 
instance production of intercrops and nutrient depletion. 
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1 In troduct ion 

1.1 Context 

The present study is a part of a larger research, which aims at understanding the 
reasons for a decline in rainfall and the need to predict climate changes in the future, 
either in response to external factors such as global C0 2 increase (Goutorbe et 
al.,1994). A number of research projects are developed all over the world, in order 
to achieve this objective. One of these projects is the Hydrologie Atmospheric Pilot 
Experiment in the Sahel (HAPEX-Sahel). In order to get information about climate, 
soil properties and vegetation a Intensive Observation Period (IOP) was carried out 
in Niger in 1992. This research has been a cooperation of several international 
institutes, including the DLO Winand Staring Centre in Wageningen (SC-DLO). 

1.2 Background 

Arid and semi-arid lands occupy approximately one third of the world's land surface 
and accommodate about 600 million inhabitants. The Sudano-Sahelian (semi-arid) 
zone of West-Africa has a harsh climate, with low rainfall which is highly variable, 
high soil and air temperatures, high evaporative demand and poor soils. The 
production of adequate and renewable supplies of food, fodder and firewood in this 
zone is severely limited by the scarcity of water (Van Zanten, 1992). The situation 
in Niger, one of the countries situated in this zone, will be used as reference for this 
study. 

Niger policy 
Despite the unfavourable climatological circumstances, the development policy of 
the Niger government is to make the country self-sufficient in food production. 
During the last twenty years food production increased to a reasonable extent. The 
increasing national income due to uranium exports has made it possible to focus the 
agricultural production on food and to minimize cash production of groundnuts. At 
the same time, in the seventies, the government had a realistic price policy. The high 
price for food crops stimulated farmers to produce millet and sorghum. This policy 
was given up in 1986, under pressure from the Worldbank. As a consequence, the 
production of cash crops increased. 

In 1984 the policy of a self-sufficient food production was upset by droughts and 
a collapsing uranium price, that was due to a decreasing interest in nuclear energy 
in the world and, later, to the aftermath of the 'Chernobyl accident'. In 1985 the 
Niger government introduced an 'off-season' growing programme which was intended 
to compensate for the cereals deficit and which represented a distinct change from 
traditional methods of food-crop cultivation. The programme consists mainly of a 
large number of small-scale operations using manually-provided irrigation 
(Hodgkinson, 1995) and is mainly focused on vegetables and fruits. Some large 
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irrigation project, supervised by the FAO and EC, have also been developed to 
increase food production. These projects have been developed, in an attempt to 
become less dependent on the unreliable climate. 

Despite these efforts, food production increases were mainly a consequence of an 
expanding agricultural area and less the consequence of yield increase per hectare. 
The production area for millet increased by 6.5% in one year (1979/'80), while the 
production area for sorghum increased by 40% in two years (1979/'80-1980/'81). 
However, the millet production has increased with only 0.7% per year during the 
last two decades (Spencer and Sivakumar, 1987). The reason for this slow increase 
can be carried back from abiotic as well as biotic constraints. Gradually, agricultural 
land is becoming more sparse, partly due to the small zone of Niger which can be 
used for agriculture. If the government wants to continue the policy of 
self-sufficiency, it should search for methods to increase the production per hectare 
(Van Dijk and Bremmers, 1987). 

Farming system 
The traditional farming system in Niger is shifting cultivation. In this system a part 
of land is used for agriculture for some years. This agricultural use is followed by 
a fallow of several years. During this fallow period soil and vegetation have a chance 
to rehabilitate. During the last thirty years this system has been under more and more 
pressure, because of a quickly growing population and declining rainfall. The steadily 
population growth is the result of decreasing child mortality and the increasing age 
of the population. The declining rainfall has several, interrelated, causes, which are 
focused on albedo, soil moisture and atmospheric dust (Goutorbe et al., 1994). 

The agricultural system is therefore evolving towards a more permanent system. This 
transition will ultimately results in a system which is to a larger extent based upon 
economics and will become less dependent on labour. In order to attain this system, 
investments are required in for example chemical fertilizer and equipment. Until now 
most Sahelian farmers have not been sufficiently creditworthy to invest in their 
farming system. Despite, this, they start to use natural resources permanently, with 
soil degradation among the consequences. Because of this, yields will decrease 
(Stoop,1991). 

As above described the more intensive use of land causes soil degradation. Natural 
grasses and shrubs become rare. This makes that wind and water can gather the 
relatively fertile upper layer of the soil, so that yields are declining again. 

Another reason for a low yield is the sowing density. In general farmers sow their 
crops broadcasted, so that even in a dry year water and nutrient competition will 
be minimized and a certain crop yield is guaranteed. According to Brouwer et al. 
(1993) the subsistence farming communities are looking for a good minimum yield, 
a satisfactory level of 'assured' production, so that there will be no hardship; high 
average yields are of secondary concern. In general rainfall is divided over four 
relative wet years, four average years and two extremely dry years per decade (Van 
Dijk and Bremmers, 1987). 
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Production improvement 
In order to improve yields, several measures can be taken, such as water harvesting, 
the improvement of fertilizer use, the planting of trees to protect the soil against wind 
and water erosion, planting crops in higher density. The last option will be examined 
in this report, whereby most attention will be paid to the water use by the plant. 
This is one of the most limiting factors for crop growth in the north of the Sahel. 
Other important plant growth factors are the amount of available nutrients, the amount 
of available radiation and the air temperature. Nutrients are also a limiting factor 
for plant growth in the Sahel, but are less limiting than water. Radiation and 
temperature are no limitations in this case. 

It has been argued by Hudson that high yield varieties (HYV) should be used. These 
varieties can be sown in high density without exhausting soil moisture. The water 
consumption of a crop is determined more by climatic factors like income radiation 
than by the density of the crop, and a high yielding crop is the result of using water 
more efficiently rather than in greater quantity (Hudson, 1981). Because of the higher 
yield, the cost of fertilizer, which is required to grow HYV, can be subsidized. 

1.2.1 Formulation of the main objective 

On the basis of this description the following objective was formulated: 

To establish the influence of different millet densities and different rainfall scenarios 
on millet production and millet water-use efficiency. 

As above described the increase of crop density can be one of the solutions to 
improve the agricultural system in the Sahel. Until now there was not carried out 
a lot of model research to the influence of crop density and rainfall on crop 
production. As reference crop millet is used, because millet is one of the most 
important crops in the semi-arid zones of the world. Niger was taken as an example 
for a country situated in the semi-arid zone, because all required measurements were 
carried out to fulfill this study during the HAPEX-Sahel project. 

1.2.2 Research questions 

The objective was translated into a number of research questions. These questions 
concern the following subjects: 
— the relationship between plant growth and moisture availability; 
— the relation between crop density and biomass production; 
— the influence of both rainfall scenarios and climate on évapotranspiration as well 

as crop growth. 
These subjects are elaborated below. 

Plant growth and moisture availability 
The research questions concerning the relationship between plant growth and moisture 
availability simultaneously examine the ability of millet to extract moisture from the 
soil and the water use efficiency (WUE) of the plant. Within this framework the 
following questions were important: 
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— How did transpiration influence crop growth? 
— What climatological, hydrological and plant growth factors influence the WUE? 

Crop density and biomass production 
This subject is focused on the question: 
— What is the optimum crop density for a guaranteed production? 

Rainfall scenarios and climate influences 
In order to forecast trends for optimum millet densities under different rainfall 
scenarios, a range of rainfall scenarios was tested. On the one hand, the influence 
of rainfall on plant growth should be analysed: 
— Did the optimum crop density change under different rainfall scenarios? If so, 

what reasons could be given for the changes? 
— Did rainfall influence évapotranspiration? If so, to what extent? 
On the other hand, the rainfall unreliability in Niger should be analysed: 
— Do certain rainfall patterns exist in the Sahel, which return regularly? 
— What method should be used to determine these rainfall patterns statistically? 
Besides this specific subjects, the main question which was asked is the following: 
— Is crop density increase a solution to improve and develop a sustainable 

agricultural system in the Sahel? 

Besides these questions which should answer the main objective, a last question can 
be posed: 
Until what amount can an increased crop density be solution for food shortage 
problems in the Sahel? 

1.3 Methodology 

To achieve the objective a model study was carried out. The choice to use a model 
is ambiguous. Firstly, field research would have taken to much time. To carry out 
a field research for an equivalent study, a period of three years is required. Secondly, 
the present study has not been carried out yet with the aid of a model. The SWAP 
model (Soil-Water-Atmosphere-Plant model), which is developed by SC-DLO could 
be tested, whether it is sufficiently sensitive and whether the right processes are 
incorporated to model extreme circumstances like in the Sahel. The latter reason was 
an additional objective of the present study. 

Ultimately there was chosen not to use the SWAP model, but the TRIGGER model 
(TRIGGER is a combiantion of the SWAP and the WOFOST model). It is a 
combination of a one-dimensional unsaturated hydrological model and a mechanistic 
crop growth model. The TRIGGER model requires an extensive data set to simulate 
hydrological and plant growth processes. This data set was derived from two types 
of source: measurements and literature. All required data were measured during the 
Intensive Observation Period (IOP) of the HAPEX-Sahel project in Niger, 1992. A 
variety of literature was used to complete the variable set. 
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After the data set collection, modelling could start. During the modelling two steps 
were carried out: 
— Fitting, containing a model calibration, a validation and a sensitivity analysis. 

During this phase the accuracy degree of the fitting was the major point of 
attention, because this would determine the accuracy of the simulation results. 
If the accuracy of the calibrations are low, the interpretation of the simulations 
should mainly be based on trends and less on a quantitative analysis. The results 
and interpretation of the calibration answered the additional objective. Depending 
on the calibration results more or less attention will be paid to the simulation. 

— Simulation. During this phase the model was used for predictions. Rainfall 
scenarios and crop densities of millet were varied to establish the influence of 
both on biomass production and on the water use efficiency of millet. The results 
and interpretation of the simulations answered the main objective. 

1.4 Structure of the report 

In Chapter 1 the framework is explained for the study described in this report. Out 
of this background the objectives were formulated. In Chapter 2 a short overview 
will be given of the study area. This view is mainly focused on four subjects: 
— Research place used for the millet measurements during the IOP of the 

HAPEX-Sahel project. 
— Climate. Some general information is given about the specific climatological 

circumstances which consists in the Sahelian zone are described. The influence 
of the climatological circumstances on vegetation is also shortly mentioned. 

— Growth of pearl millet. The importance of pearl millet for the food supply in 
West-Africa is described. Some attention is also paid to the botany and cropping 
of millet. 

— Hydrology. The major soil types of the Sahelian zone are mentioned briefly. The 
sandy loam soil is some more extended mentioned, because this soil is the main 
soil for this study. This Chapter is a physical introduction used as justification 
for the data requirements description of Chapter 5. 

Chapter 3 examines the model choice and gives a description of the most important 
processes described by the model. To firm the model choice, the concepts of the 
considered models, SWAP, WOFOST and TRIGGER, are described as well. The more 
detailed model description regards the processes of the TRIGGER model. 

In Chapter 4 the methodology of the fitting, simulation and interpretation are 
discussed. A fitting consists of three parts: calibration, validation and sensitivity 
analysis. The function of every part is shortly described. The methodology of the 
simulations are focused on the preparation of the simulation input data, especially 
crop density and rainfall scenarios are described. In the section concerning the 
interpretation both interpretations are discussed of the calibration and simulation. 

Chapter 5 gives a description of the input data set. Only the most important parts 
of the data set are discussed, because the data set is too extended for a full 
description. The description of the climatological data is focused on the choice of 
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the set and the place of measurement of this set, which do not correspond with the 
measurement place of the other data. The data set description of the crop growth 
processes is focused on the data required for phenology, initial situation, C02 

assimilation and partitioning. To describe the hydrological data set, special attention 
was paid on the retention and conductivity curves and sink term. 

In Chapter 6, both the results and discussing concerning the results are described. 
The first section describes and discusses the results of the fitting. Most attention will 
be paid to the calibration of the hydrological processes, because these results largely 
influences the study. Less attention is paid to crop growth processes, validation and 
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Fig. 1 Overview of the research place (Central-West super-site) 
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sensitivity analysis. The second section describes and discusses the results of the 
simulation. The influence of crop density and rainfall scenarios on millet production 
and on WUE is described. In this Chapter the discussion continues at the right pages, 
while the left pages are used to show the supporting Figures. 

In Chapter 7, conclusions and recommendations, the results of the study are discussed 
and, in the recommendations, suggestions are given for further research. These 
suggestions concerning further research for the development of the agricultural system 
in the Sahel and the extension of the model. The terminology, list of abbreviations 
and symbols can be found after references and literature. 
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2 Area description 

2.1 Research place 

The research place is situated in Niger, approximately 60 km from the capital Niamey 
at the 2-3° East Longitude and 13-14° Northern Latitude square (see Fig. l).Within 
this 100 km x 100 km region three super-sites were defined between 10 km x 10 
km and 20 km x 20 km. Within these super-sites sub-sites in each of the three 
principal vegetation types were intensively monitored: open woodland (tiger bush), 
fallow savannah and millet (Kabat and Eibers, 1992). Data used during the present 
study were measured at the millet plot of the Central-West super-site. Fig. 1 shows 
the shape of the Central-West super-site. It is considered that most millet is grown 
between P3 and P6, located between the plateaus and valleys (see Figure 2). 

The plateaus and the valleys have discontinuous hardened plinthite layer and hardened 
plinthite rock outcrops at the escarpments. The valley slopes consists of reddish 
brown loamy sand. In the valley bottom yellowish brown to completely bleached 
white sandy soils occur. At the one place of the valley bottom which is devoided 
of aeolian deposits, very compact, strongly weathered and leached kaolinitic sandy 
clay soils are found (Legger and Van der Aa, 1994). 

l | | ) f l l i )H I ! /T ) ,T I I )T l l ; i l ) l l l 
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Fig. 2 The geological transverse alongtransect Q-Q' of Fig. 1 
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2.2 Climate 

The Sahel comprises an area of some 3106 km2 lying between the wet, humid, 
equatorial zone of Africa to the south, and the Sahara desert to the north. This result 
in a strong north-south rainfall gradient and a climate with a notoriously unreliable 
rainfall. The rainfall is now generally accepted to have been declining for the past 
two decades (Nicholson, 1989). The decline of rainfall in the Sahelian zone has 
several causes, which are, however been interrelated. The causes are focused on 
albedo, soil moisture and atmospheric dust (Goutorbe et al., 1994). 

ITCZ 
The north-south migration of the intertropical convergence zone (ITCZ) is related 
to the seasonal shifts in the relative positioning of the sun (see Fig. 4). During June 
and July a large part of West Africa is under the influence of moist southwesterly 
air masses, giving rise to the rainy season. The maximum northward extent of the 
ITCZ is reached in August, when the maximum rainfall occurs in the Sahel. The 
duration of the wet season decreases from about 5 months in the south of the Sahel 
(12°N) to 3 months in the north (18°N). The annual rainfall is closely related to the 
duration of the rainy season, varying from 800 mm in the south to 200 mm in the 
north, following a regular gradient of 1 mm/km (Goutorbe et al., 1994). 

Climate influence on vegetation 
The highly variable and unreliable rainfall governs the growth and distribution of 
the vegetation. Total rainfall is everywhere less than potential evaporation, which 
is in the order of 2000 mm/year. This results in a highly sparse vegetation cover 
with large areas of bare soil. The predominantly vegetation consists of large woody 
perennials (e.g. Combretum micranthum) and trees (e.g. Combretum nigricans). 

2.3 Growth of pearl millet 

Importance 
In all the major African millet producing countries, the crop is of considerable 
importance in the agricultural system, and accounts for over one-third of total cereal 
output. It is grown primarily for human consumption. Pearl millet (Pennisetum 
americanum) is the main millet sort grown in Africa. It is traditionally grown as an 
intercrop with a legume such as cowpea or groundnut. In such situations economic 
returns are much higher than for a pure crop millet, though moving northwards, 
through the Sudan to the Sahel zone, the proportion of sole cropping increases. The 
bulk of African pearl millet is grown in the regions with annual rainfall ranging from 
200-800 mm (Spencer and Sivakumar, 1987). 

Botany & cropping 
Pearl millet is an erect annual grass 0.5-5.0 m tall. The stem is solid and plant has 
a variable capacity to produce tillers. Most of them produce an inflorescence. There 
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Fig. 3 Growth of a cereal crop in relation to moisture availibility (Gibbon and Pain 1985) 

exist both day length dependent and day-length independent cultivars. The growth 
season ranges between 90 and 150 days of the different cultivars. 

As a rainfed crop, pearl millet is sown with the first rains during the growth season. 
It is even often dry planted, before the rains arrive, in order to take advantage of 
the flush of nitrogen in the soil that occurs with the first rains (Gibbon and Pain, 
1985). The crop is sown in April-May in the Southern zone and in June-July in the 
Northern zone. The choice of the appropriate variety in a given zone is didacted by 
the available length of the growing season. In Fig. 3 a review is shown of the relation 
of the crop cycle and the moisture availability. 

Millet is sown in hills 45 cm x 45 cm to 100 cm x 100 cm apart. Spacings of 100 
cm x 200 cm or even 200 cm x 200 cm are sometimes used. The number of seeds 
sown in each hill varies enormously. The stand is progressively thinned during 
weedings once the plants have reached 15 cm (Spencer and Sivakumar, 1987). Yields 
are highly variable and range from 250 to 3000 kg ha"1 (Gibbon and Pain, 1985). 

2.4 Hydrology 

The Sahel is a rather flat area with field slopes of 1-3%. The major part of the Sahel 
has no external drainage system and run-off therefore leads to a non-uniform 
infiltration pattern on slopes and depressions. In the north a limited number of 
(temporary) river beds feed (temporary) lakes. In the south some areas have a 
discharge towards major rivers such as the Senegal, Niger, Volta's and Chari 
(Hoogmoed and Stroosnijder, 1984). 
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Three types of soil/landscape combinations can be distinguished: 
— Deep sandy soil either in the form of pronounced dunes or eroded dune fields. 
— Deep clay soils, recent of fossil river and lake deposits. 
— Shallow or stony soils on latérite or sandstone (Hoogmoed and Stroosnijder, 

1984). During this study the deep sandy soil play a dominantly role (see for its 
properties Table 1). 

24 



Major soil type 
Most millet is grown at Arenosols (Legger and Van der Aa, 1994), this is a sandy 
loam, without specific soil horizonts. Though the individual sand grains have not 
seldom a coating of (brownish) clay and/or carbonates, gypsum or goethite. Due to 
the low coherence, Arenosols are sensitive for compaction, but this do not hinder 
tillage or rooting. However the soil is very permeable, a conductivity of 300 until 
30,000 cm d"1 may occur (Driessen and Dudal, 1989). 

Table 1 Profile description of a Arenosol 

Horizont Depth Description 

C 0-10 light brown (7.5YR 6/4) dry, strong brown (7.5YR 5/8) moist, single 
grain, loose, fine sand; very fine, common pores; gradual, smooth 
boundary; pH 5.7. Lighter coloured sandy surface has a pH of 6.1 

2Ah 10-35 light brown (7.5YR 6/4) dry, strong brown (7.5YR 5/6) moist, single 
grain, loose, fine sand; pockets with light red (2.5YR 6/6) sand; very 
fine, common pores; pH 4.5; diffuse, smooth boundary to: 

2B 35-480 light red (2.5YR 6/6) dry, yellowish red (5YR 5/8) single grain, 
loamy fine sand; pockets with reddish yellow (7.5YR 6/6) sand; pH 
4.75 

3B 480-520+ fine sandy loam; hard, firm, slightly sticky, non plastic consistence; 
common, medium, soft yellow (10YR 7/8), very pale brown (10YR 
8/4) and red (2.5YR 4/8) iron nodules; pH 4.7 (Legger and Van der 
AA, 1994) 

Soil moisture content 
Soil moisture decreased rapidly after the end of the rainy season. It is also relevant 
to note that the soil moisture dynamics in the short term heavily influences the run-off 
and infiltration behaviour of the soils. The low water holding and high infiltration 
capacity of the soils lead to very short time scales of infiltration; often within 3 or 
4 hours after the storm, water had drained through a substantial part of the profile. 
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3 Model description 

3.1 Model choice and model concepts 

A literature study led towards a model choice, which will be described in this 
paragraph. In order to justify the choice, the concepts of the models are described 
as well. In first instance it was suggested to use the SWAP model. When knowledge 
about plant growth processes extended, there was concluded that the SWAP model 
was not the best model to use for reasons explained below. 

Concept SWAP 
The SWAP model is based upon the classical theory and principles underlying soil 
water flow in the unsaturated zone, the Richard's equation. The model simulates 
transient vertical flow in a heterogeneous soil profile. It considers soil water 
movement in response to soil water pressure head gradients in accordance to the 
Darcy and continuity equations. Water extraction by roots is accounted for by a sink 
term. The approach requires specification of the soil water retention and hydraulic 
conductivity curves, crop characteristics, a lower boundary condition (e.g. a specified 
soil water pressure head or flux) and is driven by meteorological data (i.e. upper 
boundary conditions of precipitation and potential évapotranspiration) (see Fig. 5). 
The crop growth rate is defined as a hyperbolic function of transpiration with the 
maximum growth rate as the upper limit and water-use efficiency as the initial slope. 
When the crop is well supplied with nutrients, weather conditions (in particular solar 
radiation and temperature) determine the maximum growth rate (Kabat et al., 1992). 

The plant growth part of the SWAP model is relative simple. Especially the options 
to change crop density and the possibility to see changes in spike production are 
limited. Only leaf area index (LAI) production can be changed, but not the sowing 
density. Total biomass production is given as output, while also spike production 
is required to tackle the research problem. So there was looked for another plant 
growth model. A choice was made to use the WOFOST model. 

Concept WOFOST 
WOFOST 6.0 is a mechanistic model that explains crop growth on the basis of the 
underlying processes, such as photosynthesis and respiration, and how these processes 
are influenced by environmental conditions. Dry matter accumulation of a crop can 
thus be calculated as a function of meteorological parameters such as irradiation, 
temperature, windspeed etc. and crop characteristics (Supit et al., 1994) (see Fig. 
5). 

For photosynthesis water is required. This water will be extracted out of the soil. 
The plant has an optimal range to extract soil moisture without sensing stress. A 
crop growth simulation model must therefore keep track of the soil moisture potential 
to determine when and to what degree a crop exposed water stress. This is commonly 
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done with the aid of a water balance equation, which compares for a given period 
of time, incoming water in the rooted soil with outgoing water and quantifies the 
difference between the two as a change in the amount of soil moisture stored (Supit 
et al., 1994). 

As above mentioned WOFOST 6.0 is a rather expanded crop growth model, but 
simulates soil hydrology in a relative simple way. This model consumes a 
homogeneous soil profile and a fixed drying pattern of the profile, while these 
processes are variable in the SWAP model. This makes a combination of the two 
models most suitable for the simulation of different crop densities and several rainfall 
scenarios. Working with this combination became possible, because the SWAP and 
WOFOST model were linked into the TRIGGER model. This simplified the choice 
for a model, because in the TRIGGER model strong parts of both models were taken 
to carry out the simulations. 
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Concept TRIGGER 
TRIGGER is a combination of SWAP and WOFOST whereby different complexities 
of simulations can be carried out. Depending on the complexity of the research 
problem, a choice can be made between simple or detailed soil and plant growth 
processes. In Table 2 an overview is given of the model used for different 
complexities. 

Table 2 Use of SWAP and WOFOST for different situations 

Simple model 

plant growth processes SWAP 

hydrological processes WOFOST 

Detailed model 

WOFOST 

SWAP 

The SWAP and WOFOST model have recently been linked (December 1994) into 
the TRIGGER model, so it has not been tested sufficiently yet. Though both parts 
of the TRIGGER model, SWAP and WOFOST have already shown their power. 

To solve the research problem the SWAP concept will be used to calculate 
soilmoisture content, while the WOFOST concept will be used to calculate biomass 
production, this option gives the most detailed information about plant growth and 
the behaviour of the soil. This detailed information is required, because of the 
extreme circumstances, for plant and soil, in the Sahel. 

In Table 3 a summary is given of the reasons to choose the TRIGGER model. 

Table 3 Summary of reasons to use the TRIGGER model 

— WOFOST analyses variability and trends in crop yields, such as growth determination, sowing 
strategies, while other crop growth models are empirically based. In general the application of 
these models are limited until one area 

— WOFOST is an international validated programme used for yield simulation fit in the Crop 
Growth Monitoring System (CGMs) project, developed for the European Union 

— SWAP and WOFOST have been developed within the Winand Staring Centre, so all the SC-DLO 
experts were easy to consult during the study 

— Generally the SWAP model performed better as other unsaturated flow models such as LEACHW, 
SWASIM, especially over limited ranges of space and time 

— WOFOST is strong in simulating plant growth processes, while SWAP is works well for the 
simulating of hydrological processes. In the TRIGGER model both models are linked 

— SWAP model should be tested in order to show whether the model is sufficiently sensitive to 
simulate Sahelian circumstances 

3.2 Setting the model 

In this section the most important theories are described per process. There are three 
overall processes which are important for this simulation: climatological processes, 
hydrological processes and plant growth processes (see Fig. 5). 
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3.2.1 Climatological processes 

Potential evaporation and transpiration are influenced by climatological factors, such 
as temperature, radiation, wind speed, air humidity and rainfall. In the TRIGGER 
model the Penman-Monteith approach (Smith, 1991) is used to calculate potential 
évapotranspiration. This approach requires daily measurements data of solar radiation, 
minimum temperature, maximum temperature, air humidity, rainfall and windspeed 
(SC-DLO, 1994) (see for equation Annex A). 

The Penman-Monteith formula is an update of the Penman formula. The 
Penman-Monteith formula calculates évapotranspiration more accurately in 
comparison with the Penman formula1. 

3.2.2 Crop growth processes 

The development of a crop depends on a number of processes. The major processes 
are the rate of phenological development, C02 assimilation, transpiration, respiration, 
partitioning of assimilates to the various organs and dry matter formation (see Fig. 
6) (Hijmans et al., 1994). Most of the processes are driven by weather, or more 
specific radiation, temperature and rainfall. For this study crop density was an 
important factor. So some additional attention will be paid to this factor. 

Phenological development 
Phenological development, or plant growth, can be controlled by day length or 
temperature. In the model before anthesis, both factors, temperature and day length 
can be active. After anthesis only temperature influence is possible (Supit et al., 
1994). 

CO2 assimilation 
The C02 assimilation is the process where C02 from the air is converted into 
carbohydrates (CH20)n according to the overall reaction: 

C02 + HJO + solar energy -> CH.0 + O. (1) 

The rate of gross C02 assimilation is dependent on the radiation energy absorbed 
by the canopy, which is a function of the absorbed radiation and the 
photosynthesis-light response of individual leaves. This response is dependent on 
temperature, leaf age and plant type, C3 or C4 plant (Hijmans et al., 1994). 

Part of the carbon fixed by the assimilation process is respired to provide energy 
for biological functioning of the organism (maintenance respiration). The remaining 

'The Penman-Monteith formula has a regression coefficient of 1.01 for regression through the origin of 
lysimeter versus equation estimates, while the Penman formula has a regression coefficient of 1.04. Both 
regression calculations are specific for the arid zone (Smith, 1991). 
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carbohydrates are converted into structural plant dry matter. In this conversion some 
of the weight is lost as growth respiration (see Fig. 6). 
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Fig. 6 Simplified general structure of a dynamic explanatory crop growth model (Kropff and 
Van Laar, 1993) 

Partitioning 
The produced dry matter is partitioned amongst the various plant organs such as 
roots, leaves, stems and storage organs, using partioning factors that are a function 
of the phenological development stage of the crop (Supit et al., 1994). 
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Crop density 
Crop density is mainly determined by the used amount of seed. However this is not 
a variable input. To vary crop densities during the simulation, derived input variables 
were changed. These are initial dry weight and leaf area index at emergence 
(LAIEM). Initial dry weight depends on both the plant weight at emergence and the 
number of plants per hectare. LAIEM depends on the initial dry weight, the amount 
of dry matter partioned to the leaves at emergence and the specific leaf area (personal 
command Van Diepen). 
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/ A 7 
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Fig. 7 Schematic representation of water storage and flow in a plant-atmosphere system (Van 
Keulen and Wolff, 1986) 

3.2.3 Hydrological processes 

The major hydrological processes can be derived out of the water balance (see Fig. 
7). The water balance should be solved to calculate the soil moisture content. Soil 
moisture is required to continue evaporation and transpiration and so the dry matter 
production. The actual water storage change can be established according to: 

AW = I + Q - Œ + T) (2) 

where: 

/ = P + SS - (SR + IQ (3) 
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and: 

g = CR - Perc (4) 

where: 
AW : water storage change over a given time period cm d"1 

I : infiltration cm d"1 

g : net upward flow through the bottom of the profile cm d"1 

Ta : actual transpiration rate of a crop cm d"1 

P : precipitation rate cm d"1 

Ea : actual evaporation rate of a soil cm d"1 

SS : surface storage cm d ' 
SR : rate of surface run-off cm d"1 

IC : interception cm d"1 

CR : rate of capillary rise2 cm d"1 

Perc : percolation rate cm d"1 

Table 4 is a reproduction of the equations (2) to (4) and shows that /, g and Ea are 
partly or totally influenced by hydrological processes. These parts of the water 
balance are described in this section. The actual transpiration (Ta) depends, via the 
uptake of water by the roots, on the sink term and is described in this form in this 
section as well. 

Table 4 The influence of different processes on different parts of the waterbalance 

Climatological processes Hydrological processes Crop growth processes 

Ï * 
Q * 

Soil water flow 
The soil water flow depends on the pores fraction, soil conductivity and the storage 
capacity. These factors are determined by soil properties. In general soil properties 
are described by a retention and conductivity curve. The reduction of the soil 
moisture content, caused by transpiration, is described by a sink term. 

In the SWAP model the basic equation for soil water transport is the Richard's 
equation, which describes the liquid phase of the soil water flow. This equation has 
the advantage of being applicable for saturated and unsaturated flow, and in layered 
soils, where the pressure head remains continuous at the boundaries between the 
layers (Feddes et al., 1978). 

2Not applied, freely draining profile 
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where: 
h : pressure head kPa 
t : time d 
C(h)=dQ/dh : differential soil moisture capacity cm"1 

k(h) : hydraulic conductivity-pressure head relationship cm d"1 

S(h,z) : sink term for water uptake by roots cm d"1 

z : depth below the soil surface cm 

This equation, which is solved for the unsaturated zone in this study, will be 
explained in steps. The C(h) term will be described under catchword retention curve 
even as k(h). S(h,z) will be described under the catchword sink term. Factor z implies 
that the Richards' equation is solved per compartment. A maximum of forty 
compartments and four soil types can be used in the SWAP model. The different 
terms of the Richard's equation are solved per compartment for each time step (the 
time step of a day is divided into discrete time steps). 

Retention & conductivity curve 
As above mentioned, the retention and conductivity curve, better known as pF curve 
and K-h relation are used to describe the soil properties. The form of both curves 
symbolizes the infiltration rate and water retention capability. To calculate the pF 
curve and K-h relation the Van Genuchten formulas were used (see Annex A). For 
the calculation of the retention and conductivity curve the model requires: 0 r , 0 , , 
a, n, Ks and I. The influences of the different variables on both curves are shown 
in Annex B. 

Sink term 
The concept of a sink term to describe the actual water uptake by roots has been 
introduced by Feddes et al. (1978) and is subsequently used for crops growing in 
mainly salt free environments and moderate climates (Bastiaanssen, 1994). The sink 
term requires critical pressure heads, h, to h4 to be specified for each crop in order 
to prescribe the actual transpiration behaviour (Fig. 8). The critical pressure heads 
can be further elaborated as: 
h, : pressure head at near-saturation below which oxygen persists; 
h2 : pressure head at near-saturation at which air enters the soil without 

any flow resistance; 
h3' : pressure head at which stomata starts to close since the amount of 

easily available moisture is consumed; the evaporative demand of 
the atmosphere is relative low(l mm/d); 

h3 : pressure head at which stomata starts to close in order to prevent 
the crop from cell moisture depletion; the evaporative demand of 
the atmosphere is extremely high (10 mm/d); 

h4 : pressure head at which stomata are completely closed and 
transpiration is entirely ruled out (wilting point, 0 mm/d) (Singh 
et al., in prep.). 
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Fig. 8 General shape of the sink term for transpiration responds to available soil moisture. The 
sink term is a function of the total soil pressure head i.e. a(h) relationship (Bastiaanssen, 1994) 
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4 Applying the model 

4.1 Calibration 

The calibration of a model is a process of trial and error. Measured data and 
calculated model output should fit, whereby the maximum ranges of variation of the 
variables should be taken into account. The following three steps should be taken 
during the calibration process: 

Fitting 
Import measured data into the model and compare the calculated output with the 
measured data set. If the measured data and calculated output do not sufficiently 
correspond there are two possibilities: 
— input data has been imported into a wrong unit; 
— variables values are not right. 
In order to check the above, after every run a decision should be taken whether: 
— to rerun with other data within the fixed range; 
— to adapt the range. 
If there is a sufficient correspondence between the measured data and calculated 
output, a start can be made with the validation. 

The accuracy of the model simulation depends on the accuracy of the calibration 
results. If the results of the calibration are weak, simulation results should be analysed 
with reservations. This meant only trends out of the simulation results can be 
discussed, while a quantitative analysis should be left out of the discussion. 

Validation 
After the model calibration, a verification should take place with another measured 
data set. This data set should, until a certain extent, correspond to the set used for 
the calibration. Verification of a model shows the reliability of the model. 

Sensitivity analysis 
A sensitivity analysis is carried out, in order to analyse the effects of value changes 
of variables on value changes of the output. A model is less sensitive if large ranges 
are possible for a variable without changes in the result. This makes a model less 
reliable. In general a sensitivity analysis for complex models, like the TRIGGER 
model, is carried out during special studies. These studies show which parameters 
are most sensitive and thus show the sensitivity and reliability of the model. The 
results of the sensitivity analysis of demente et al. (1993) can be found in Chapter 
6. 
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4.2 Simulation 

Preparation of an input data set is required, before a simulation can be carried out. 
For this study several rainfall scenarios and several plant densities were required. 

Rainfall scenarios 
In the Sahel rainfall patterns and amounts are very unreliable. A method should be 
used which can cover different patterns and amounts of rainfall, because both can 
influence crop growth. To determine different rainfall scenarios, rainfall variability 
(RV) as well as a variation of the duration of the rain season were chosen. The 
rainfall season was divided into three time periods: the start of the rainy season, mid 
rainy season and late rainy season. It was assumed that the mid rainy season was 
ensured with rainfall. The start and end of the rain season were again divided in an 
early, mid, late season. The rainfall period were linked with RV. Every time period 
would be classified: dry (90% RV), wet (10%) or average (50%) (see Table 5). 

Table 5 Rainfall scenarios 

Start rain season 
(April-June) 

Rainfall regime 

early 

early 

early 

mid 

mid 

mid 

late 

late 

late 

dry 

average 

wet 

dry 

average 

wet 

dry 

average 

wet 

Period RV 

April 

April 

April 

May 

May 

May 

June 

June 

June 

90% 

50% 

10% 

90% 

50% 

10% 

90% 

50% 

10% 

Mid season 
(July-Augustus) 

Rainfall Period RV 
regime 

dry 

average 

wet 

90% 

50% 

10% 

End rain season 
(September-October) 

Rainfall 

early 

early 

early 

mid 

mid 

mid 

late 

late 

late 

regime 

dry 

average 

wet 

dry 

average 

wet 

dry 

average 

wet 

Period 

September 

September 

September 

Sept/Oct 

Sept/Oct 

Sept/Oct 

October 

October 

October 

RV 

90% 

50% 

10% 

90% 

50% 

10% 

90% 

50% 

10% 

All possible combinations of Table 5 were worked out into rainfall input files. Links 
between 90% RV and 10% RV were smoothed via 25% RV, 50% RV and 75% RV. 
Firstly simulations were carried out with minimum, maximum and average rainfall. 
Whereafter simulations were carried out with intermediate values, whereby 
relationships between the three parts of the rainy season and RV were taken into 
account. 

RV data was used from Sivakumar et al. (1987), whereby Ouahigouya was used as 
reference. This place is situated at a latitude of 13°35' in Burkina Faso. The mean 
annual rainfall is 649 mm and ranges between 413 and 971 mm. More than 90% of 
the rain falls between April and October, whereby July and August are the wettest 
months. The rainfall data have been analysed from 60 years of data collection. 
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Table 6 Rainfall quantity per decade and linked to the number of events 

Rainfall Number of events per decade 

< 5 

5-20 

20-40 

40-80 

1 

2 

3 

4 

In Sivakumar rainfall data are described per decade. For this study the rainfall data 
were divided into one to five rainy events per decade (see Table 6), depending on 
the amount of rainfall. In general one or two storms contributed to 70-80% at the 
total quantity of rainfall per decade. Hence, it can be concluded from rainfall analysis 
that there are one or two major storms and some smaller storms per decade (see 
Annex C). 

According to Lebel et al. (in prep.) the main source of rainfall deficit is more due 
to a smaller number of rainy events than to a variation of the efficiency of these 
events. This was overcome by using a fixed number of events for fixed ranges of 
rainfall amounts. 

Plant density 
Minimum millet density is around 50 cm x 50 cm patterns (personal remarks Van 
Diepen), because millet will not continue spike production with a higher plant density. 
So for the simulation 50 cm x 50 cm patterns were used as minimal crop density, 
while the maximum millet density used, were 150 cm x 150 cm patterns. At lower 
densities, millet will no longer grow like a crop, but like individual plants. Because 
crop density is not an input variable, crop densities were converted to the derived 
input variables TDWI and LAIEM. For values and the calculation method see Annex 
D. 

4.3 Interpretation 

4.3.1 Calibration 

The acceptable ranges of deviation for the calibration was determined on 
approximately 10%. Within this range there can be concluded that the calibration 
was successful. This percentage was more a guideline than a fixed value. Beside, 
this, the form of both the measured and calibrated curve should have the same 
development. During this calibration soil moisture content was principally used to 
calibrate the hydrological processes, while dry matter increase was used to calibrate 
the crop growth processes. The curves of the calibrated results and the measured data 
were compared with the aid of the spreadsheet programme Quattro Pro for Windows 
(QPW). 

Rainfall was taken into account during the comparison of the hydrological processes 
so that the reaction from both types of curves on rainfall could be considered. For 
the comparisons of the crop growth processes especially the potential productions 
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were used, because these show the crop growth calibrated by the model without any 
limitations from external factors. 

4.3.2 Simulation 

The interpretation of the simulation results consisted of two steps: 
— processing the simulation results; 
— draw to conclusions. 

Processing 
The processing was carried out with the aid of QPW. Required results, concerning 
total crop production (CWDM), total spike production (CWSO), actual evaporation 
and actual transpiration were taken from the output files of the TRIGGER model (see 
for an example of the output files Annex E). These results were reorganised in the 
QPW programme. The rainfall amount and crop density were taken as basis, because 
these were the main subjects of the present study. After the reorganisation the actual 
évapotranspiration and the WUE could be calculated. The WUE was calculated with 
the aid of the following equation: 

ET 
WUE = 1_ (6) 

CWDM 

or: 

WUE = a. (7) 
CWDM 

where: 
WUE : water use efficiency kg ha"1 m ' 
Eta : actual évapotranspiration3 cm 
Ta : actual transpiration7 cm 
CWDM : cumulative actual weight of aboveground biomass kg ha"1 

It is a calculation method to compare the performance of crops in different dry land 
situations or soil moisture regimes. 

Concluding 
To got a clear idea about relationships the reorganised results are converted into 
graphs. The graphs used in order to find relations are showed in Table 7. 

The upper graph shown in Table 7 indicated: the influence of crop density and 
rainfall quantity on millet production; the behaviour of evaporation and transpiration 
with an increasing rainfall quantity; and the influence of crop production on 
evaporation and transpiration. The second graph indicated the relation between dry 

3There is no consensus whether Eta or Ta should be used 
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