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EXECUTIVE SUMMARY 

SAPWAT3 is essentially an enhanced and improved version of SAPWAT, the program 
that is extensively applied in South Africa and developed to establish a decision-making 
procedure for the estimation of crop irrigation requirements by irrigation engineers, 
planners and agriculturalists.  Subsequent to the development of the current SAPWAT 
programme, the FAO published the Irrigation and Drainage report No. 56, Crop 
evapotranspiration.  Guidelines for computing crop water requirements.  This intuitive 
and comprehensive document is highly acclaimed and has become accepted 
internationally.  As the calculation of crop evapotranspiration is the first and essential 
element of any routine for estimating crop irrigation requirement, the decision was 
taken to re-program the current model and SAPWAT3 has at its core the computer 
procedures contained in FAO 56. All recommendations have been applied to the letter. 
 
The irrigation requirement of crops is dominated by weather, particularly in the yearly 
and seasonal variation in the evaporative demand of the atmosphere as well as 
precipitation.  SAPWAT3 has included in its installed database comprehensive weather 
data that is immediately available to the user.  
 
Firstly it includes the complete FAO Climwat weather data base, encompassing not only 
South Africa, but many other countries in the world where there is irrigation 
development.   Climwat comprises 3262 weather stations from 144 countries, including 
South Africa, and contains long-term monthly average data for calculating Penman-
Monteith ET0 values as well as rainfall.  While CLIMWAT weather data output is 
monthly averages, SAPWAT3 calculations are based on daily values requiring 
interpolation.  This has been facilitated in SAPWAT3 by statistically fitting a curve to 
the monthly ET0 values. 
 
The second installed set of weather data in SAPWAT3 consists of derived weather 
stations and is only applicable to South Africa.  This database was developed from the 
South African Atlas of Climatology and Agro hydrology by the team from the School of 
Bioresources Engineering and Environmental Hydrology, University of KwaZulu-Natal.  
The derived weather stations are located at the centroid of the polygon that represents 
each quaternary drainage region of the country and provide not only comprehensive 
coverage, but also 50 years of historical (1950-1999) daily weather data on a calendar 
basis. This capability has major implications when it comes to planning and strategy 
development.  It is possible to select any day during this period and access the 
maximum and minimum temperatures, humidity, rainfall, solar radiation and ET0. 
 
SAPWAT3 provides facilities for importing additional weather stations.  If the weather 
station database consists of average monthly values, similar to Climwat, then manual 
importation is recommended, but if the data is more detailed, there are facilities for 
formatting and importing the data files as a package. 
 
The current SAPWAT program makes very little provision for the export and storing of 
output data.  SAPWAT3 can, however, be applied for estimating the irrigation 
requirements for a single crop, for a field with multiple cropping, for a single farm, for a 
group of farms or Water User Association (WUA), for a group of WUAs, for a Water 
Management Area (WMA) or even a river basin.  Output is provided, where 
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appropriate, in millimetres and cubic metres.  Provision is made for printing 
comprehensive output tables and/or saving to file and/or exporting for further 
processing by spread sheet applications. 
 
SAPWAT3 utilises the four stage crop development curve procedure based on relating 
crop evapotranspiration in each stage to the short grass (Penman-Monteith) reference 
evapotranspiration by applying a crop coefficient.  Typical values of expected average 
crop coefficients under a mild, standard climatic condition are published in FAO 56 and 
applied in SAPWAT3.  FAO 56 makes provision for this and provides for making the 
necessary corrections.  SAPWAT3 applies these corrections, but FAO 56 makes no 
provision for the effect of climate, planting date, management strategies or crop 
varieties on the individual crop development stage lengths or the total irrigation period.  
SAPWAT3 provides for this with default stage length values for each of the crops listed 
for each of the five climatic zones and in addition has options for each crop where there 
are differing cultivars and modifies the stage lengths where these are influenced by 
planting dates.  This is similar to the approach that was adopted with the current 
SAPWAT, but editing has been greatly simplified and this makes it much simpler for a 
user to simulate local conditions or even to add new crops.  
 
The crop coefficient files were developed according to rules derived with the help of 
crop scientists.  Experience showed that it was necessary to modify the approach to suit 
irrigation as opposed to the normal rain-fed development stages. Editing has been 
simplified by the provision of options available on drop-down menus.  It is envisaged 
that users concerned with groups of irrigators would develop their own sets of defaults 
tailored to their conditions.   
 
SAPWAT3 incorporates the internationally recognised Köppen-Geiger climatic system.  
The system is based on temperature-rainfall combinations so that the climate of the 
weather station can be classified by using the temperature and rainfall data of a weather 
station record.  One adaptation was made, that is the second letter of the three-letter 
code that indicates rainfall seasonality, is not used because rainfall seasonality is 
superseded by irrigation scheduling.  In the case of South Africa this resulted in the 
number of climatic regions being reduced to five and it is no longer necessary for the 
user to have to decide in which climatic zone a weather station falls because this is 
determined by the program. 
 
SAPWAT3 makes use of the FAO 56 procedure that separates soil evaporation from 
plant transpiration and, therefore, conforms to the FAO 56 defaults that determine soil 
water characteristics and evaporation parameters.  Fortunately FAO 56 specifies soils 
according to the familiar sand, silt and clay criterion into nine classes.    The profile 
water balance during irrigation is also calculated and tabulated strictly in accordance 
with FAO 56 methodology. 
 
The methodology for estimating crop evapotranspiration under standard conditions has 
been well researched and due allowance can be made for nonstandard conditions arising 
from unusual circumstances and the realities of practical management. In short, we can 
be reasonably confident that we can estimate the amount of water being used by the 
crop and thus the net irrigation requirement.  Unfortunately we cannot have the same 
confidence in estimating the gross irrigation requirement, how much water must be 
made available to match the evapotranspiration plus the losses that occur. 
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Water that evaporates in the air or is blown away from sprinkler systems is regarded as 
a loss, so is water that is applied to uncultivated areas of the field.  In SAPWAT3 this is 
reflected by System Efficiency (%).  If too much water is applied and penetrates below 
the roots, this is also regarded as a loss – it is normally the result of an uneven 
distribution of water by the system or by lack of uniformity in the soil itself.  In 
SAPWAT3 this is referred to as Standard DU (%).  It is very difficult to provide 
standardised or even defensible defaults for these values.  The approach that SAPWAT3 
has followed is to provide a preliminary default value for System Efficiency and to set 
Standard DU at 100%.  If, through measurement or judgement, however, the user can 
come up with real-life values, these should be substituted. 
 
In the case of the current SAPWAT, the irrigation management screens followed on 
after the initial estimation of crop irrigation requirement screens.  Most practitioners 
stopped short at estimating crop irrigation requirements that provided them with first 
estimate values that they could utilise in their plans and designs.  The follow-up 
management screens went further and took account of the effect of soils and their water 
holding capacity and enabled the user to vary the irrigation strategies.  This proved to be 
very useful when reconciling farmer experience with SAPWAT estimations and enabled 
alternative strategies to be assessed.  SAPWAT3 has integrated the two sections so that 
the user now goes through both phases as a normal routine.  This procedure is not 
excessively onerous, especially if it is streamlined by setting up localised defaults.  
SAPWAT3 is a powerful tool particularly when the derived weather stations with their 
50 years of daily weather data (1950-1999) are utilised. 
 
The inclusion of an economic analysis module in SAPWAT to enhance its capability as 
a planning tool has been expressed by more than one user over the last few years as the 
conviction grew that planning irrigation water use without considering the economic 
impact does not give enough of a picture on which to base future planning for crop 
production.  SAPWAT3 makes provision for the introduction of enterprise budgets as 
part of the irrigation water requirement planning process.  Income, expenditure and 
gross profit margin are reflected in the crop irrigation requirement tables.  There is a 
linkage between the economic factors and the crop irrigation requirements so that if 
there is a variation in crop irrigation requirements with altering strategies, the impact on 
costs will be reflected and should there be a depression in yield, the impact on income 
and gross profit margin will also be reflected. 
 
SAPWAT3 provides a rainwater harvesting module aimed at small areas, typically 
small farms or household gardens, therefore the water harvesting module is only 
available if the cultivated and irrigated area is less than 1 ha.  The 50 year daily weather 
records provided by the derived weather stations are particularly useful because a 
thorough understanding of the rainfall pattern is essential when assessing the viability 
and developing suitable systems for rainwater harvesting.  A water balance is the 
background to this module.  Total of water requirement is the sum of the irrigation and 
household requirements, while water gain on the irrigated area is the sum of the rain that 
falls directly on the garden beds and run-off from the roof and surrounding areas that 
can be augmented by borehole water and grey water from kitchen and bathroom waste.  
Run-off can be harvested from any combinations of the roof, hard-packed soil around 
the homestead or adjoining roadways or from an adjoining area of natural vegetation.   
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The storage to provide water for the dry season can be any combination of totally 
covered, impervious containers, open impervious containers or open ponds.  The 
module can also be used to estimate the harvest width area of the infield rainwater 
harvesting techniques where runoff from an area of slow infiltration soil is stored in a 
shallow basin where the water can concentrate and infiltrate into the soil adjacent to the 
plant row. 
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CHAPTER 1 
INTRODUCTION 

1.1 Background to the development of SAPWAT3 

SAPWAT3 is essentially an enhanced and improved version of SAPWAT (Crosby and 
Crosby, 1999) that is extensively applied in South Africa and was developed to 
establish a decision-making procedure for the estimation of crop water requirements by 
irrigation engineers, planners and agriculturalists.  The intention was that the procedure 
would provide a shell or framework within which crop water requirements could be 
estimated; would enhance the user’s understanding of the elements that influence water 
requirements; would be suitable for use by practitioners; would be in line with current 
international practice; and incorporate both interpreted research results and the practical 
experience of specialists. 
 
SAPWAT, as a further development of CROPWAT (Smith, 1992), filled a need in the 
field estimating irrigation requirements of crops under varying crop production 
approaches and climates.  However, it soon became evident that there were practical 
shortcomings that required attention.  Possibly the most important of these was that 
SAPWAT lacked facilities for saving and printing output, so that results had to be 
manually recorded if storage was desired.  In addition, there were no facilities for 
producing spread sheet type integration of monthly irrigation volume requirements 
reflecting the totals of a range of crops produced on a farm, Water User Association 
(WUA), irrigation scheme, or over an extensive river basin, a problem which was first 
identified while busy with a WRC project on the implementation of SAPWAT as a 
planning tool (Van Heerden et al., 1999).  This need was met by the program 
PLANWAT (Van Heerden, 2004) which stores SAPWAT data.  SAPWAT3 integrates 
an upgraded version of PLANWAT with the latest SAPWAT crop irrigation 
requirement engine. 
 
During the development of SAPWAT, Smith (1994) made a strong recommendation 
that the four-stage FAO procedure for determining crop factors be maintained to ensure 
a transparent and internationally comparable methodology.  He recognised that the 
standard crop factors would require adjustments for regional climatic conditions and 
new varieties, for deviating planting densities, and for the full range of irrigation 
methods.  One of the weaknesses of similar programs is that they were developed in the 
days of long-cycle flood and sprinkler irrigation and do not reflect the irrigation 
requirements of crops irrigated by centre pivot, micro or drip systems.  This is equally 
true for the techniques applied by emerging farmers, such as wide-spaced short-furrow 
surface irrigation.  The need for evaluating soil evaporation and plant transpiration 
separately was identified at the expert consultation (Smith, 1991) and a recommended 
methodology was later published as FAO Irrigation and Drainage paper No 56 (FAO 
56) (Allen et al., 1996).  At about the same time a similar procedure was developed for 
SAPWAT, based on work done by De Jager and Van Zyl (1989) and Strooisnijder 
(1987).  Values obtained are very similar, but FAO 56 has become an internationally 
accepted benchmark publication and SAPWAT3 has fully incorporated the FAO 56 
methodologies.  
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One of the shortcomings of SAPWAT was that calculations are based on long term 
average climatic data for weather stations with a long enough record of the weather data 
to enable valid calculation of Penman-Monteith reference evapotranspiration, ET0.  
Hydrology is dependent on the availability of sets of long-term rainfall records for the 
development of statistically acceptable runoff calculations but it has not been possible 
to match this with irrigation volumes and this has resulted in significant anomalies.  The 
development of a quaternary weather database (Schulze and Maharaj, 2006) has made it 
possible to rectify this position dramatically.  Fifty years of daily weather data has been 
incorporated in SAPWAT3 for each of the 1925 quaternary catchments.  The centroid of 
each quaternary is handled as a virtual weather station by SAPWAT3.  The impact of 
this facility on hydrology and irrigation planning cannot be over-estimated. 
 
One of the strengths of CROPWAT and the associated climatic program CLIMWAT is 
that they are universally applicable.  SAPWAT3 has incorporated CLIMWAT but has 
gone further by adopting an international classification of climates, the Köppen-Geiger 
system (Strahler and Strahler, 2002), and linking these to crop factor values.  In 
addition, maps of all countries showing the location of weather stations are included.  
The significance of this is that SAPWAT3 will be universally applicable. 
 
SAPWAT was a developmental program and consequently sections were programmed 
and reprogrammed in different computer languages over time, which resulted in some 
instability.  SAPWAT3 is programmed in its entirety in dBase because of the program’s 
data management capabilities and because it is a front-end data management language 
in its entirety (Mayer, 2005; Mayer, 2007). 
 
SAPWAT introduced a new flexibility into the four-stage FAO crop factor approach.  
Further evaluation has indicated that the generally accepted assumption that the 
dominant third stage of the crop factor curve is horizontal is an over-simplification.  
This appears to be particularly applicable to tree crops and SAPWAT3 makes provision 
for adjusting the slope of this stage.  In addition, SAPWAT3 has incorporated automatic 
modifications to the four-stage crop factors curve to account for variation in climatic 
factors as recommended in FAO 56 (Allen et al., 1998). 
 
The stated objectives of SAPWAT were: 
 
The development of an up-to-date program to estimate irrigation requirements and 
retain desirable features of and be compatible with CROPWAT A computer program 
for irrigation planning and management, FAO Irrigation Paper No 46 (Smith, 1992), 
while catering specifically for Southern African requirements. 
 
The provision of comprehensive built-in databases that obviate the need to seek climate 
or crop data elsewhere. 
 
The use of an approach that is sufficiently similar to current practice to be immediately 
acceptable to practitioners. 
 
The achievement of accuracy in-line with practical requirements. 
 
Transfer of technology developed through research and modern on-farm scheduling 
techniques. 
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Provision for the specific circumstances and requirements of emerging irrigation 
farmers and community gardens. 
 
The computer program SAPWAT met these objectives and has been well accepted as is 
indicated by being used by more than 300 users in 13 countries as an aid to the planning 
of irrigation requirements of crops and for training of farmers and students in both the 
commercial and the beginner-farmer category. Its good graphics also make it a good 
educational aid for the understanding of crop irrigation requirements and the role that 
irrigation strategies can play in determining crop irrigation requirements. In this role it 
is used at a number of tertiary institutions.  
 
However, it has some shortcomings, two of these being the inability to store the results 
of calculations and the inability to import weather station data for the expansion and 
updating of its existing weather station data. PLANWAT, the development of which 
was paid for by the International Water Management Institute, was developed, amongst 
others, to overcome the storage problem. SAPWAT is run out of PLANWAT and the 
resultant crop irrigation requirements are stored in a data table to enable the user to 
build an expected water requirement picture for backyard and community gardens, 
fields, farms, water users associations and for drainage regions.  
 
PLANWAT has a water harvest module where the output of SAPWAT is used to 
calculate required water harvest areas and required storage capacities for run-on 
situations of water harvesting, mainly for third-world situations. Its one shortcoming is 
that it does not provide for infield water harvesting situations (Botha et al., 2003), 
although the correction of this should not be too difficult. The management of the two 
programs as supplementary units to obtain full use capabilities is awkward and cases 
have also been encountered where users were unable to get usable data because of 
clashes with existing programs on computers, or because of some instability problems 
encountered from time to time in SAPWAT.   
 
As a planning tool the present combination of the two programs does not provide for 
interactively determining the best potential scenarios of irrigation water use coupled to 
gross crop margin to enable the farmer to select the best option for his circumstances. In 
discussions with clients this need has often been pointed out. PLANWAT has a limited 
data table export function. Requests have been received for a more comprehensive 
export function of data tables that could be used as input data into other database 
programs and spread sheets for cases where the need for further calculation exist. The 
same is true for a linkage of resultant data to GIS systems. A need exists for repetitive 
calculations of year on year irrigation requirements where differences in irrigation 
requirements due to year on year variation in climatic situations can be used for risk 
assessment.  
 
An annoying experience is that a researcher goes into the field, visits farmers and 
obtains their crop production and irrigation strategy data and then has to enter all the 
data manually into SAPWAT for the calculation of irrigation requirements. This could 
be eliminated by the development of an electronic questionnaire that could also serve as 
an input data table for the calculations of irrigation requirements. This upgrading will 
only be achievable if the two programs have been united into a single, user-friendly and 
easily understandable unit.  
 



16 
 

The present limited data table output capability of PLANWAT has been developed 
because of a need for such an export by another WRC project relating to the water 
requirements of the Crocodile River in the Nelspruit and Malelane vicinity that has 
recently been completed by the CSIR (WRC project K5/1048//1), a study on the impact 
of irrigation farming on the economy of the Northern Cape (WRC project K5/1250//4), 
and a study on risk management in the Vaalharts irrigation area (WRC project 
K5/1266//4).  
 
What is now seriously required is the combination of these programs into a sensible unit 
and the upgrading of these to fulfil a complete role as a planning aid for irrigation 
requirements of crops and the related economic scenarios. To enable the program to 
fulfil its role as a training aid, as much as possible interactivity with the user, need to be 
aimed for. This will be in an effort to keep the "black box" effect found in some similar 
programs to an absolute minimum so that the user could fully understand where the 
results come from. 

1.2 Objectives for developing SAPWAT3 

The objectives for the development of SAPWAT3 were: 
 
- To integrate SAPWAT and PLANWAT into a user-friendly planning and teaching 
aid in relation to irrigation water requirements and gross margins for backyard and 
community gardens, fields, farms and water user associations. 
 
- To upgrade the SAPWAT weather station capabilities to include the importation 
of weather station data  
 
- To build an interactive module for calculating gross margin based on a COMBUD 
approach. 
 
- To improve and expand the PLANWAT water-harvesting module to include the 
calculation of ratio between planted areas and harvest areas for Infield Rainwater 
Harvesting (IRWH).  
 
- To integrate SAPWAT and PLANWAT into a user-friendly unit for the 
interactive calculation of irrigation requirements linked to calculated gross margins. 
 
- To create output data tables that could be exported to XBase type database 
programs and to spread sheet type programs where it can be used for the further 
calculation of system irrigation requirements for large areas and for repetitive 
calculation of irrigation requirements over time. 
 
- To build capacity by using previously disadvantaged students of the Free State 
University and of Central University of Technology to research and develop or improve 
systems related to water harvesting and for improving economic/water-use interaction 
calculations for programming into SAPWAT/PLANWAT. 
 
- To build capacity by training the manager of the Oppermansgronde irrigation 
scheme in irrigation management based on crop water requirement through the use of 
SAPWAT/PLANWAT.  
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- To evaluate the applicability and correctness of the program outputs. 
 
- To undertake technology transfer activities relating to the integrated program as a 
means of promoting the application there-of as well as evaluating the need and 
applicability there-of. 
 
The development of SAPWAT3 has satisfied all these objectives. 

1.3 Potential application of SAPWAT3 

SAPWAT3, like SAPWAT, is not a crop growth model.  It is a planning and 
management tool relying heavily on an extensive South African climate and crop 
database.  It is general in applicability in that the same procedure is utilised for 
vegetable and field crops, annual and perennial crops and pasture and tree crops.  It is 
possible to simulate wide-bed planting, inter-cropping and different irrigation methods.  
In addition, the effect of soil water management options such as deficit irrigation can be 
evaluated.  It extended the facilities provided by CROPWAT and SAPWAT and is a 
tool that can facilitate designing for management. It also facilitates consultation and 
interaction with farmers and advisors.  
 
SAPWAT has become the accepted methodology for estimating crop irrigation 
requirements in a number of aspects of water management and it is foreseen that 
SAPWAT3 will continue in this role: 
 
Macro planning.  Irrigation accounts for the major share of water requirements in 
South Africa so that the irrigation component is important in catchment planning.  
SAPWAT principles have been recognised by the Department of Water Affairs and 
Forestry (DWAF) and incorporated in the irrigation inputs into the National Water 
Balance Model and associated studies. 
 
Water pricing strategy, registration of water use and verification of legal water 
use.  In terms of the National Water Act users are required to register the use of 
irrigation water and DWAF have indicated that the SAPWAT computer program for 
determining the annual irrigation requirement is the method to be used.  SAPWAT, in 
the absence of general metering, enables all water use for irrigation to be quantified 
equally to ensure a cost recovery in a fair and systematic manner. 
 
Water demand management strategy.  In future, Water User Associations (WUAs) 
will be required to develop Water Management Plans on a regular basis.  The impact of 
irrigation practices and strategies on water budgets requires the assessment of impact on 
crop irrigation requirements.  This is one of the functions for which SAPWAT was 
developed. 
 
Small-scale farmer irrigation schemes, household and community gardens.  One of 
the primary objectives of the SAPWAT development programme was provision for the 
specific circumstances and requirements of emerging irrigation farmers and community 
gardens.  Particular attention was paid to this aspect and presently consultants engaged 
in the initiatives of the National Department of Agriculture are basing designs for 
sustainable rehabilitation of irrigation schemes on SAPWAT predictions. 
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Irrigation planning and management.  Planning how much irrigation water is 
required and when is a prerequisite for individual farmers, designers, WUAs, irrigation 
schemes and reservoir management.  The strength of SAPWAT lies in an extensive 
database that saves the user the chore of looking for figures and inbuilt routines for 
undertaking sensitivity analyses of alternative strategies. 
 
Support for irrigation scheduling.  SAPWAT is not a real-time scheduling model but 
can be a valuable complement to instrumented soil water content methods.  It is being 
realised that for farmers, advisors and consultants scheduling can be a labour intensive 
and expensive operation.  An atmospheric demand based program can provide pre-
season irrigation programmes based on historic weather data that can go a long way 
towards alleviating much of the urgency of short-term real time scheduling.  SAPWAT 
is designed to accommodate updated historic weather data to the present, should this be 
required. 
 
Irrigation system design.  Designers utilise SAPWAT in preliminary planning 
discussions with clients and to check system capacity and management. 
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CHAPTER 2 
USING SAPWAT3 

2.1 Installing 

2.1.1 Single user installation 

Install from the Install DVD and accept all default values.  At the end of the install 
process a WinZip Unzip facility will be activated.  Click “Unzip” to save the related 
weather data tables to the default directory, or save to a different directory, but then the 
database path need to be reset as described for multi-user installation. 

2.1.2 Multi-user installation 

If several people from the same office need to work with SAPWAT3, data integrity 
requires that the data tables are shifted to a directory to which all users will have access.  
This can be achieved by: 
 
Moving the three sets of data tables to a server.  Suggested paths are: 
 

“C:\Program files\SAPWAT3\Tables” to “<Server>\SAPWAT3\Tables” 
 
“C:\Program files\SAPWAT3\Tables\SAPWATDWB” to “<Server>\ 
SAPWAT3\Tables\SAPWATDWB” 
 
“C:\Program files\SAPWAT3\Tables\Weatherdata” to “<Server>\ 
SAPWAT3\Tables\Weatherdata” 

 
Redefine the Database (SAPWAT, SAPWATDWB and SAPWATweather) path names 
for each relevant computer to point SAPWAT3 to the new directories in which the data 
tables are now stored: 
 

Start → Control panel → BDE Administrator 
 
Select the “Database” tag 
 
Find the SAPWAT database 
 
A database definition appears on the right (Figure 2-1) 
 
Open a browse window by clicking on the three-dot button. 
 
Browse to the new database path 
 
Select the next database and repeat above steps. 

 
On closure of the BDE Administrator the new paths will be saved and set-up will be 
completed. 
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Figure 2-1  The BDE Administrator database set-up screen 

2.1.3 System requirements 

SAPWAT3 requires 1 Gb (see page 64) for program files in the C:\Program files 
directory and at least 12 GB in the directories where the data sets will be situated.  

2.1.4 Data security and reinstallation 

On reinstallation existing data files are not overwritten as a means of retaining existing 
data.  Since the distribution of the first Beta versions for testing, some data tables have 
been changed.  People who have received Beta versions before January 2009 for testing 
need to physically delete all SAPWAT3 data tables before installing new versions, 
otherwise run-time errors will occur.  In single user situations these data tables can 
usually be found under the C:\Program files\SAPWAT3\Tables directory.   

2.2 Introduction to the program 

At start-up SAPWAT3 displays the screen shown in Figure 2-2.  Figure 2-2, as well as 
the screen figures that follow, are annotated for a better understanding of the user 
interfaces.    
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Figure 2-2 The SAPWAT3 Opening screen 

The structure of SAPWAT3 is shown in Figure 2-3 and the data structure is shown in 
Figure 2-4.  Its data structure is relationally organised in hierarchical levels so that the 
user can add, edit or delete lower level data without breaking the thread that keeps a set 
of data organised as a unit.  The first four layers after the task level, are linkages into 
higher hierarchy levels that organise data on primary, secondary, tertiary and quaternary 
drainage regions, or on water management areas, water user association areas, water 
user association sub-areas and farms, or whatever other four-tier system the user wishes 
to apply.  The main reason behind this structure is that lower level data can be added, 
edited or deleted whenever required to eventually build a complete picture of a drainage 
region.  The top layer of the structure, Task, fulfils the role of a container that links all 
related lower level data into a single unit.   
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Figure 2-3 Diagrammatic layout of SAPWAT3 structure 

 

 
Figure 2-4 The relational organisation of data in SAPWAT3 
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Pushbuttons generally used in SAPWAT3 and their meanings are as follows: 
 

 Add a new record 

 
Edit a record 

 
Delete a record.  All lower level linked records will also be deleted 

 
Print a record and its lower level linked records 

 Export data for use in spread sheets or other data management programs 

 Opens more detailed screen forms  

 Save changes and/or close the screen form 

 Cancel changes and/or close screen form 

 

2.3 The main program 

 
Figure 2-5 The data screen for the top layers of the hierarchical structure 
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Figure 2-6 More on the data screen for the top layers of the hierarchical structure 

 
Figure 2-7 The task add/edit screen 

 



25 
 

 
Figure 2-8 The farm/field screen 

 
Figure 2-9 The farm edit screen 
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Figure 2-10 Select weather stations from outline map 

 
Figure 2-11 Select weather station from topographic map 
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Figure 2-12 More on the Farm/Field screen 

 
Figure 2-13 The field edit screen 
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Figure 2-14 The irrigation requirement screen from which the irrigation 

requirement estimation function is accessed  

 
Figure 2-15 Crop set-up page 1 for estimating irrigation requirements 
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Figure 2-16 Crop set-up page 2 for estimating irrigation requirements  

 
Figure 2-17 Crop set-up page 2 after completion of crop irrigation estimates 

showing results 
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Figure 2-18 Irrigation requirement estimate results with median and percentile 

deviation graph  

 
Figure 2-19 Irrigation requirement estimate results with average and standard 

deviation graph  
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Figure 2-20 Year on year of ET0 and ETc results 

 

Figure 2-21 Year on year results of irrigation, irrigation loss, rain, rain loss and 
evaporation results 
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Figure 2-22 The daily water balance table for wheat for the 1950 season 

 
Figure 2-23 A new crop added to the crop irrigation requirement table 
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Figure 2-24 Enterprise budget calculator 

 
Figure 2-25 Enterprise budget results linked to crop irrigation requirement 



34 
 

 
Figure 2-26 Changing crop area 

 
Figure 2-27 Opening the water harvest module 
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Figure 2-28 Water harvest module set-up page 

 
Figure 2-29 Graphic representation of monthly water harvest balances 
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Figure 2-30 Water harvest water balance detail 

2.4 The menu items 

 
Figure 2-31 Menu access to data used by SAPWAT3 
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2.4.1 Estimate irrigation requirements 

This menu item returns the user to the opening screen. 
 

2.4.2 Irrigation systems (refer to Chapter 10) 

 
Figure 2-32 The irrigation systems screen form 

  
 

2.4.3 Distribution systems and efficiencies (refer to Chapter 10) 

 
 

Figure 2-33 Distribution systems and efficiencies screen form 
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2.4.4 Soil (refer to Chapter 5) 

 
Figure 2-34 The soil screen form 
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2.4.5 Weather stations (refer to Chapter 4) 

 
Figure 2-35 List of weather stations included from which a station can be selected 

 
Figure 2-36 Weather station detail 
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Figure 2-37 Weather station monthly average data 

 
Figure 2-38 Weather station daily data 



41 
 

2.4.6 Climate (refer to Chapter 3) 

 
Figure 2-39 List of Köppen-Geiger climates 

 
Figure 2-40 Climate definition 
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Figure 2-41 Climate map for Southern Africa 

 
Figure 2-42 Köppen climate map legend 
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2.4.7 Crop data (refer to Chapter 6)  

 
Figure 2-43 The crop data screen 

 
Figure 2-44 The crop editor screen 
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2.4.8 Crop groups 

 
Figure 2-45 The crop group editor screen 

2.4.9 Countries (refer to Chapter 13) 

 
Figure 2-46 A country edit screen 



45 
 

2.4.10 Address list 

 
Figure 2-47 The screen form for building a list of addressees 
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CHAPTER 3 
CLIMATE 

3.1 Introduction 

Weather is the immediate day-to-day local combination of such natural phenomena as 
temperature, precipitation, light intensity, wind direction and velocity and relative 
humidity. In any location these weather factors assume a certain pattern, changing day-
by-day, week-by-week, month-by-month and season-by-season. And the same pattern 
repeats year by year.  This pattern is a location’s climate.  Past climate records allow 
one to predict with some accuracy the weather of a given area for a certain time of the 
year, and using knowledge of crops, also predict which crops can be grown successfully 
where and what production practices need to be followed to reduce the risk of partial or 
complete crop losses (McMahon et al., 2002). 
 
Weather data enables one to calculate monthly and annual water balances for an area in 
order to determine if irrigation would be necessary and how much irrigation would be 
required. 
 
The major influencing elements of a water balance in a soil of an area are the addition 
of water through rain and the loss of water through evapotranspiration and runoff.  
Evapotranspiration is the combination of transpiration by the plant and evaporation 
from a wet surface.  The weather parameters of climate that determine the rate of 
evapotranspiration are temperature, wind and humidity; temperature itself being the 
result of solar energy reaching the area.  Temperature, wind and humidity, as well as 
rain are parameters of climate; therefore climate can be seen as the basic engine that 
drives the elements that determine the water balance of an area and therefore of a crop 
grown in an area. 
 
For the application of the FAO four-stage crop growth approach as described by Allen 
et al. (1998), it is necessary that a fairly accurate determination of the length of each of 
these cycles be made.  CROPWAT (Smith, 1992) and Allen et al. (1998) provides 
ranges within which these periods could be determined for each site, but the problem is 
that the user must have a fairly good knowledge of crop reaction to climate in order to 
make the necessary adaptations to included data.  Another problem encountered with 
the CROPWAT approach is that, although a range of planting dates is implied, the 
effect of different planting dates on the stage lengths of the four-stage crop growth 
model is not directly indicated.  Once again, the user must rely on his or her local 
knowledge to adjust stage lengths to suit local conditions. 
 
The present SAPWAT has tried to overcome this problem by including in its tables the 
values and changes in values, reflected by different climatic conditions and also 
different planting times (Crosby and Crosby, 1999).  A problem encountered here was 
that the database had to be increased substantially to accommodate the seven major 
geographic and, by implication, climate regions identified for the South African 
situation as a set of growth stage periods had to be determined for each of these areas.  
However, it soon became apparent that one could possibly reduce the number of 
climatic areas by reclassifying these into warmer and colder areas, as average 
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temperature has a major influence on crop growth (Gardner, Pearce and Mitchell, 1985; 
McMahon et al., 2002).  This can be seen in Figure 3-1 where the growing period for 
the cooler Highveld and KZN/E Cape (cool) climatic areas are generally longer than for 
the other warmer Lowveld and Middelveld areas.  In this respect changes in daylight-
length also play a role, but that is usually accounted for in the growth patterns of crops 
for different climatic regions, as these are largely determined by latitude (Strahler and 
Strahler, 2002; Gardner et al., 1985; McMahon et al., 2002). 
 

 

Figure 3-1  SAPWAT growth stages for different climatic conditions in South 
Africa for short grower maize planted in summer 

The South African climate scenario for SAPWAT was therefore changed to an 
internationally accepted climate system, the Köppen-Geiger Climate System (Strahler 
and Strahler, 2002), seen in Figure 3-2 for the world (Encyclopaedia Britannica, 2002).  
These authors describe this system as being based on a combination of temperature and 
precipitation, computed in terms of monthly and/or annual values.  With several 
revisions, this system was for many decades the most widely used climate classification 
system among geographers.  It features a shorthand code of three letters designating 
major climate groups, subgroups within the major groups and further subdivisions to 
distinguish particular seasonal characteristics of temperature and precipitation.  A 
description of these major groups and their subgroups can be seen in Table 3-1 
 
Table 3-1  The Köppen-Geiger climate system:  Key to the map codes for figures 4.2 
and 4.3 (Strahler and Strahler, 2002) 
Code Name Description 
First letter 
A C D  Sufficient heat and precipitation for growth of high-

trunked trees 
A Tropical rainy 

climates 
All months mean temperature over 18˚C 

B Dry climates Boundaries determined by equation using mean annual 
temperature and mean annual precipitation 
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C Mild, humid 
climates 

Mean temperature of coldest month:  18˚C down to –3˚C 

D Snowy-forest 
climates 

Warmest month mean over 10˚C, coldest month mean 
under –3˚C 

E Polar climates Warmest month mean under 10˚C 
Second letter 
S Semi-arid 

(steppe)  
Boundaries determined by equation 

W Arid (desert) 
f  Sufficient precipitation in all months 
m  Rainforest despite a dry season (i.e. monsoon cycle) 
s  Dry season in summer in the respective hemisphere 
w  Dry season in winter in the respective hemisphere 
Third letter 
a   Warmest month mean temperature over 22˚C 
b  Warmest month mean under 22˚C.  At least four months 

have mean over 10˚C 
c  Fewer than four months have a mean temperature over 

10˚C 
d  Same as c, but coldest month mean temperature under  

–38˚C 
h  Dry and hot.  Mean annual temperature over 18˚C:  B 

climates only 
k  Dry and cold.  Mean annual temperature under 18˚C:  B 

climates only 
H  Highland climates 

 

The determination of boundaries between wetter and drier areas in Table 3-1  
 is based on equations.  The equations have the general format of:  
 
 1 2( )P k C k   (1) 

where P benchmark annual precipitation (cm), based on the 
calculation of C, k1 and k2 

 C average annual temperature (°C) 
 k1, 

k2 
constants 

 
If the actual precipitation experienced at a locality is bigger than the benchmark 
precipitation, the locality is situated in the wetter area; else the locality is situated in the 
drier area.  Specific equations for determining boundaries between dry and non-dry 
climates as indicated in Table 3-1 (Strahler and Strahler, 2002) and Table 3-2 are 
indicated below  
 
Precipitation distributed evenly during the year: 
 
Boundary between dry and non-dry climates  
 2( 7)P C   (2) 
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Between steppe and desert climates  
 7P C   (3) 

Precipitation concentrated in summer: 
Boundary between dry and non-dry climates 
 2( 14)P C   (4) 

Between steppe and desert climates 
 14P C   (5) 

Precipitation concentrated in winter: 
Boundary between dry and non-dry climates 
 2P C  (6) 

Between steppe and desert climates 
 P C  (7) 

 
Figure 3-2  Köppen-Geiger climate map of the world (Encyclopaedia Britannica, 

1994) 

3.2 Application in SAPWAT3 

Because the Köppen-Geiger climate system is based on temperature-rainfall 
combinations, the climate of a weather station can be determined by using the 
temperature and rainfall data of a weather station record.  This fits into the SAPWAT3 
concept, where weather station data is used as a basis for estimating crop water 
requirements. One adaptation was made, that is that the second letter of the three-letter 
Köppen-Geiger code, which indicates rainfall seasonality, is not used because rainfall 
seasonality is superseded by irrigation scheduling.  The result, for inclusion in the 
SAPWAT3 climate data table can be seen in Table 3-2.   
 
The user will not be confronted with climate codes; what the user will see is the 
description shown in column 7 of Table 3-2.  The definitions of the different climatic 
regions are available in the Climate data table that is included in SAPWAT3. 



50 
 

 
Table 3-2 Table showing the adaptation of the Köppen-Geiger climate system for 

SAPWAT3 purposes 
Köppen 
climate 
codes 

SAPWAT3 
data table 
codes 

Tavg Tmax Tmin Months 
with Tavg 
> 10C 

Name of 
SAPWAT3 
climate 

Af, Am, 
Aw 

A_   >18 12 Tropical 

BSh, BWh B_h >18   >4 Dry, hot 
BSk, BWk B_k =<18   >4 Dry, cold 
Cfa, Csa, 
Cwa 

C_a  >22 >-3 >4 Mild, humid, 
hot summers 

Cfb, Csb, 
Cwb 

C_b  =<22 >-3 >4 Mild, humid, 
warm 
summers 

Cfc, Csc, 
Cwc 

C_c  =<22 >-3 =<4 Mild, humid, 
cool 
summers 

Dfa, Dsa, 
Dwa 

D_a  >22 =<-3, 
>-38 

>4 Snow, hot 
summers 

Dfb, Dsb, 
Dwb 

D_b  =<22 =<-3, 
>-38 

>4 Snow, warm 
summers 

Dfc, Dsc, 
Dwc 

D_c  =<22 =<-3, 
>-38 

=<4 Snow, cool 
summers 

Dfd, Dsd, 
Dwd 

D_d  =<22 =<-38 =<4 Snow, very 
cold winters 

ET, EF E_  =<10  =<4 Polar 
 

3.2.1 Data organisation 

The data is stored in a single data table that acts as a lookup table for SAPWAT3.  As 
this data is based on internationally accepted defined parameters, the user can access the 
data as read-only.   
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CHAPTER 4 
WEATHER STATIONS 

4.1 Introduction 

SAPWAT3 uses monthly or daily weather data as basis for calculating daily Penman-
Monteith reference evapotranspiration (ET0) values for a site as described by Allen et 
al. (1998).  Weather data for use by SAPWAT3 comes from five possible sources; 
CLIMWAT, manual weather stations, automatic weather stations and the user can build 
and an own weather station or import data from external sources.  SAPWAT3 includes 
the full set of CLIMWAT data as well as 50 years’ daily data for each quaternary 
drainage region of the country (Schulze and Maharaj, 2006) and the daily values for 
some standard and automatic weather stations.  
 
The copyright notice in the CLIMWAT report (Smith, 1993) states that while the 
program itself cannot be distributed by a third party, free use of the data may be made 
by whosoever wishes to do so, provided that the Food and Agricultural Organisation of 
the United Nations (FAO) is cited as the source.  This is seen as a tacit approval for the 
use of the data in SAPWAT and is also the condition under which the previous version 
of SAPWAT had CLIMWAT weather data included as part of its weather database.  
However, the user should heed the warning in the CLIMWAT copyright notice which 
warns that:  "FAO declines all responsibility for errors or deficiencies in the database or 
in the documentation accompanying it, for program maintenance and upgrading as well 
as for any damage that may arise from them”.   
 
Relevant weather data is selected when a weather station is selected by the user.  The 
weather data of the selected station is used for all subsequent water requirement 
calculations. 

4.2 Application in SAPWAT3 

4.2.1 Importing weather station data  

Adding weather stations and their data manually is recommended for adding single 
weather stations and their average monthly data only.  In all other cases the user should 
use the import function, where anything from a single station with a one year’s daily or 
hourly data, to any number of stations with many years’ data each. 
    
Weather stations should be grouped by country and by weather station type and each 
group should be imported separately. 

4.2.1.1 Preparing files for import 

Manual and automatic stations differ in some of the elements that are stored; therefore 
each type of data has its own preparation.  If a DBF file structure cannot be provided, 
then the user should prepare a CSV (comma separated values) text.  Repetitive data 
must appear in all records (rows).  In cases of unavailable data, data fields are left blank, 
as this indicates an absence of data.  If the local habit is to fill such fields with “999”, or 
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whatever, it should be replaced with a blank, because any data in a field is seen as a data 
entry and such entries could lead to surprising results. 
 
Any number of weather stations can be included in an import data file.  However, there 
is a file size limit of 650 Mb for DBF and 400 Mb for CSV files for successful 
importation and manipulation.  It is essential to note which fields in the import file must 
contain data (Table 4-1 and Table 4-2).   The absence of data in any of these fields will 
result in the abortion of the importation routine. 

4.2.1.1.1 Manual station data 
Table 4-1 shows the required structure for the importation of manual weather station 
data into SAPWAT3.   
 

Table 4-1  Prepared data table structure for importation of manual weather 
station into SAPWAT3 

Field name Data type Field 
width

Decimals Remarks 

WSFilename Character 9  The locally used file name or file 
reference for a particular station, e.g., 
345671, GB54370WD.  Must be 
included and must be unique. 

Wstation Character 40  Weather station common name, e.g. 
Jonestown. Must be unique for each type 
of station per country.  Must be 
included.

Longitude Numeric 9 4 Degrees decimal, longitude west is 
shown as negative.  Must be included. 

Latitude Numeric 9 4 Degrees decimal, latitude south is shown 
as negative.  Must be included. 

Elevation Numeric 6 0 Height above sea level in meters.  Must 
be included.

Yearsdata Numeric 4 0 Number of years of records included.   
rDate Date  8  Record date in mm/dd/yyyy format.  

Date or (Year and DOY).  Must be 
included.

rYear Numeric 4 0 Year.  Date or (Year and DOY) must be 
included. 

DOY Numeric 3 0 The Day of Year, with January 1 being 
DOY 1.  Date or (Year and DOY) must 
be included

rTime Numeric 4 0 Daily time of weather station visit, in 24 
hour format, e.g. 0700 for seven in the 
morning. 

Tmax Numeric 6 1 Maximum temperature (°C).  Must be 
included

Tmin Numeric 6 1 Minimum temperature (°C).  Must be 
included

Hmax Numeric 6 1 Maximum humidity (%).  
Hmin Numeric 6 1 Minimum humidity (%).  Program 

estimates this value if omitted.  Should 
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preferably be included. 
Havg Numeric 6 1 Average humidity (%).  Program 

estimates this value if omitted. 
Wind Numeric 4 1 Average m s-1.  Program uses default of 2 

m s-1 if omitted. 
Windrun Numeric 6 1 Wind distance for day (Km).  Program 

calculates from default, if omitted. 
Sunshine Numeric 4 1 Hours of sunshine.  One of Sunshine or 

Radiation or RadWatt must be included. 
Radiation Numeric 5 1 Average radiation (MJ m-2 day-1).  One 

of Sunshine or Radiation or RadWatt 
must be included. 

RadWatt Numeric 8 3 Average radiation (Watts m-2).  Not 
normally part of daily data, but seems to 
be included in some cases.  One of 
Sunshine or Radiation or RadWatt 
must be included.

Rain Numeric 6 1 mm.  Should be included. 

4.2.1.1.2 Automatic station data 
 
Table 4-2 shows the required structure for the importation of automatic weather station 
data into SAPWAT3.   
 

Table 4-2  Prepared data table structure for importation into SAPWAT 
Field name Data type Field 

width
Decimals Remarks 

WSFilename Character 9  The locally used file name or file reference 
for a particular station, e.g., 345671, 
GB54370WD.  Must be included and 
must be unique.

Wstation Character 40  Weather station common name, e.g. 
Jonestown.  Must be unique for each type of 
station per country.  Must be included 

Longitude Numeric 9 4 Degrees decimal, longitude west is shown 
as negative.  Must be included 

Latitude Numeric 9 4 Degrees decimal, latitude south is shown as 
negative.  Must be included 

Elevation Numeric 6 0 Height above sea level in meters.  Must be 
included

Yearsdata Numeric 4 0 Number of years of records included. 
rDate Date  8  Record date in mm/dd/yyyy format.  Date or 

(Year and DOY) must be included. 
rYear Numeric 4 0 Year.  Date or (Year and DOY) must be 

included. 
DOY Numeric 3 0 The Day of Year, with January 1 being 

DOY 1.  Date or (Year and DOY) must be 
included.

rTime Numeric 4 0 Time of data record, in 24 hour format, e.g. 
0700 for seven in the morning. 
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Temperature Numeric 6 1 Average temperature of recording period 
(°C).  Must be included. 

Humidity Numeric 6 1 Average humidity of recording period (%).  
Program estimates of omitted. 

Wind Numeric 4 1 Average m s-1.  Program uses default of 2 m 
s-1 if omitted. 

Sunshine Numeric 4 1 Time during recording period.  One of 
Sunshine or Radiation or RadWatt must be 
included. 

Radiation Numeric 5 1 Average radiation for period (MJ m-2).  One 
of Sunshine or Radiation or RadWatt must 
be included. 

RadWatt Numeric 8 3 Average radiation for recording period 
(Watts m-2).  One of Sunshine or Radiation 
or RadWatt must be included. 

Rain Numeric 6 1 mm.  Should be included. 
  

4.2.1.1.3 Importing data into the SAPWAT weather station database 
Once the data has been prepared, it is imported into SAPWAT3.  In this process, data is 
normalised, which in the case of these files, is a split of the import file into a weather 
station data file and a weather data file.  Penman-Monteith ET0 values are calculated for 
each record.  In this process, missing data is calculated or estimated as described by 
Allen et al. (1998).  A regression for ET0 over time (DOY) is calculated and the 
equation of this curve is added to the weather station data for use in the irrigation 
requirement calculations.  
 
The importation of weather data could take several hours; weather data tables tend to 
contain many records.  One manual weather station with 1 year’s daily entries would 
contain 365 (366 for a leap year) records.  One automatic weather station with 1 year’s 
hourly entries would contain 8 760 (8 784 for a leap year) records.   
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CHAPTER 5 
SOIL  

5.1 Introduction 

Broadly speaking, soil is defined as unconsolidated inorganic and organic material on 
the immediate surface of the earth that act as a natural medium for the growth of plants 
and all other soil-living creatures.  It is a mix of solid inorganic particles, water, air and 
organic material.  It is an integral part of the landscape and its characteristics; 
appearance and distribution is determined by climate, parent material, topography, flora, 
fauna and time.  The parent material accumulates as an unconsolidated mass that later 
differentiates into characteristic layers called horizons.  Differentiation occurs by means 
of chemical differentiation and/or dissolution of the parent material.  As the process 
continues, the horizons generally become more distinguishable and finally develop into 
a soil profile (McMahon et al., 2002). 
 
Soil can be highly variable in a landscape with observable differences in depth, texture, 
structure and slope.  The effect of differences in chemical content is sometimes obvious 
and changes can sometimes be predicted for specific land use activities.  Not all soils 
are suitable for irrigation.  Irrigation induces changes in the physical, chemical and 
biological characteristics of a soil; therefore land classification for irrigation should 
consider the various potential changes and use this as a background for delineating 
lands on the basis of suitability for irrigation use.  Land classification for irrigation 
should provide a sound basis for fitting land resources into a plan of irrigation 
development (Maletic and Hutchins, 1967).   

5.2 Soil in Irrigation 

The irrigator is interested in a soil that can be economically developed, is easy to 
cultivate, will allow full potential root development, will be chemically suitable for the 
crops to be grown and will be stable over time (Maletic and Hutchins, 1967).  Of special 
interest to the planner of irrigation water requirement and the scheduling service is the 
water holding capacity of a soil and the factors that influences it, the ease with which a 
crop can access that water and the related osmotic forces, the hydraulic conductivity of 
soil and potential changes that could occur because of irrigation or that can influence 
irrigation type and strategy over time (Day, Bolt and Anderson, 1967).   

5.3 Soil water 

A thorough understanding of the soil water balance and the factors that influence it is 
essential.  It can be mathematically described and is diagrammatically represented in 
Figure 5-1 (Allen et al., 1998; Bennie et al., 1998): 
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    DPCRTEROPID  )(     (8) 
 

Where ΔD Change in soil water content 
 I Irrigation 
 P Precipitation 
 RO Run-off 
 E Soil surface evaporation 
 T Crop transpiration 
 CR Capillary rise 
 DP Deep percolation 

   
Subsurface inflow and outflow in waterlogged or semi-waterlogged situations is not 
shown, but both situations can be accommodated in a way by capillary rise and deep 
percolation 

 
Figure 5-1 A diagrammatic representation of the soil water balance in the root 

zone of crop (Allen et al., 1998) 

Figure 5-1 show that addition of water to a profile as coming from rain, irrigation and 
capillary rise, while the extraction of water is through evapotranspiration (transpiration 
and soil surface evaporation) and deep percolation.  Runoff from soil surface does not 
add to the soil water content and is usually subtracted from rainfall.  The amount of 
rainfall, transpiration and soil surface evaporation is linked to the climate of the area, 
while capillary rise and deep percolation is mainly influenced by water management on 
the irrigated and surrounding areas.   What are also diagrammatically shown are the 
concepts of: 
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Field capacity The amount of water that a soil can hold after all free water has 
been allowed to drain out of the root zone 

Wilting point The water level in root zone at which plants will be 
permanently wilted 

Depletion The amount of water depleted out of the root zone through 
evapotranspiration 

RAW Readily available water – the amount of water that is available 
to a crop without the crop undergoing stress situations 

TAW Total available water – the total amount of plant available 
water that a soil can hold in the root zone 

5.4 Evaporation from the soil surface 

Where the topsoil is wet following a rain or irrigation the evaporation component 
(KeET0) is at a maximum.  As the soil surface becomes drier, soil surface evaporation is 
reduced until a level of no practically measurable evaporation is reached.  Evaporation 
occurs predominantly from the exposed soil fraction.  Hence, evaporation is restricted at 
any moment by the energy available at the exposed soil fraction; therefore Ke cannot 
exceed fewKcmax, where few is the fraction of soil from which most evaporation occurs, 
i.e. the fraction of the soil not covered by vegetation and wetted by irrigation or 
precipitation (Allen et al., 1998). 
 
Evaporation from the soil surface can be assumed to take place in two stages: an energy 
limiting stage, and a falling rate stage.  When the soil surface is wet, Kr (dimensionless 
evaporation reduction coefficient) is 1.  When the water content in the upper soil 
becomes limiting, Kr decreases and becomes zero when the total amount of water that 
can be evaporated from the topsoil is depleted (Allen et al., 1998).  
 
In the simple evaporation procedure it is assumed that the water content of the 
evaporation layer of the soil is at field capacity, θFC, shortly following a major wetting 
event and that the soil can dry to a water content level that is halfway between oven dry 
(no water left) and wilting point, θWP, The amount of water that can be depleted by 
evaporation during a complete drying cycle can hence be estimated as (Allen et al., 
1998):  
 
 ZeTEW WPFC )5.0(1000    (9) 

Where TEW Total evaporable water = maximum depth of water that can be 
evaporated from the soil when the topsoil has been initially 
completely wetted [mm] 

 θFC Soil water content at field capacity [m3 m-3] 
 θWP Soil water content at wilting point [m3 m-3] 
 Ze Depth of surface soil layer that is subject to drying by way of 

evaporation [0.10-0.15 m]. 
 
When unknown, a value for Ze, the effective depth of the soil evaporation layer, of 0.1 
to 0.15 m is recommended Allen et al. (1988).  Typical values for θFC, θWP and TEW are 
given in Table 5-1 (Allen et al., 1998). 
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Table 5-1: Typical soil water characteristics for different soil types 

Soil type Soil water characteristics Evaporation parameters 
 θFC θWP θFC-θWP Amount of water that can be 

depleted by evaporation 
Stage 1 
REW 

Stage 1 and 2 
TEW (Ze = 0.1 m) 

m3/m3 m3/m3 m3/m3 mm mm 
Sand 0.07-0.17 0.02-0.07 0.05- 0.11 2-7 6-12 
Loamy 
sand 

0.11-0.19 0.03-0.10 0.06-0.12 4-8 9-14 

Sandy 
loam 

0.18-0.28 0.06-0.16 0.11-0.15 6-10 15-20 

Loam 0.20-0.30 0.07-0.17 0.13-0.18 8-10 16-22 
Silt loam 0.22-0.36 0.09-0.21 0.13-0.19 8-11 18-25 
Silt 0.28-0.36 0.12-0.22 0.16-0.20 8-11 22-26 
Silt clay 
loam 

0.30-0.37 0.17-0.24 0.13-0.18 8-11 22-27 

Silty clay 0.30-0.42 0.17-0.29 0.13-0.19 8-12 22-28 
Clay 0.32-0.40 0.20-0.24 0.12-0.20 8-12 22-29 

 
The relationship between REW and TEW is shown in Figure 5-2 (Allen et al., 1988) 

 
Figure 5-2 Soil evaporation reduction coefficient, Kr.  The effect of the two stages, 
the energy limiting stage and the falling rate stage can be seen (Allen et al., 1998) 
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The evaporation reduction coefficient Kr can be calculated with (Allen et al., 1998): 
 

 , 1e i
r

TEW D
K

TEW REW





 (10) 

 
Where Kr Dimensionless evaporation coefficient dependent 

on the soil water depletion (cumulative depth of 
evaporation) from the topsoil layer (Kr = 1 when 
De,i-1 ≤ REW)  

 De,i-1 Cumulative depth of evaporation (depletion) from 
the soil surface layer at the end of day i-1 (the 
previous day) [mm] 

 TEW Total Evaporative Water.  Maximum cumulative 
depth of evaporation (depletion) from the soil 
surface layer when Kr = 0  

 REW Readily Evaporative Water:  Cumulative depth of 
evaporation (depletion) at the end of stage 1 [mm] 

For Dei-1 > REW 
 

5.5 Application in SAPWAT3 

A data table that can be used as a lookup table has been constructed.  The data table 
provides for all the elements required for irrigation water estimates, i.e. soil type, field 
capacity, wilting point, total evaporative water and readily evaporative water, as well as 
effective depth, evaporation depth and infiltration rate. 
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CHAPTER 6 
CROPS 

6.1 Introduction 

Water influences the growth and development of plants because it is essential in every 
biological reaction within the plant.  It is the most abundant constituent in plants, 
ranging from about 75 to 90 percent of a plant’s mass by weight.  The role of water 
includes: (1) involvement in all biological reactions, (2) a structural component in the 
proteins and nucleic acids in the plant cells, and (3) a regulator of plant temperature.  In 
addition to its in-plant role, water also acts as an environmental regulator of the climate 
around the plant.  Moisture is a major factor determining climate.   It is generally 
assumed that if adequate rainfall is received during two-thirds of a growing season, the 
growing season would have enough water for most of the mesophytic crops usually 
grown by man.  Otherwise at least some irrigation is required, although the amount 
required could vary, especially if a mix of mesophytic and xerophytic plants is included 
in a crop production system (McMahon et al., 2002). 
 
All annual and deciduous crops have a similar growth and development pattern, i.e. new 
growth starts at the beginning of the season with new foliage developing and very little 
ground shading.  As the crops develop, foliage develops until the soil surface is mostly 
or fully overshadowed.  Plants then usually go into a reproductive phase where seed and 
fruit are developed.  These ripen towards the end of the season, the foliage starts dying 
and at the end of the season bare ground is again found.  A similarity to this pattern is 
found in perennial evergreen crops grown in non-tropical areas, in the sense that even 
though the foliage stays intact and active, a slow-down in photosynthesis is usually 
found during the off-season period of the crops.  
 
The problem that has faced the irrigation water requirement planner and designer was 
how to describe this rather complex physiology and phenology in terms that are easily 
understood by the not-so-well-trained person while still being credible.  This problem 
was solved by adopting the four-stage growth cycle approach for describing the growth 
and development of crops (Allen et al., 1998). 

6.2 The four-stage crop cycle 

SAPWAT3 is based on the same four-stage approach to crop development for 
estimating crop irrigation water as CROPWAT (Smith, 1992), therefore it seems fitting 
that a short overview of developments in this field be given here.  The report 
“Guidelines for predicting crop water requirements” by Doorenbos and Pruit, (1977), 
included two important concepts that had the potential to eliminate some of the 
shortcomings that were identified in the introduction to the Green Book (Green, 1985). 
It recognized the limitations of the use of A-pan evaporation and recommended short 
grass as reference evaporation, in association with the linked and less empirical four-
stage approach for the development of crop factors. This reference evaporation is in 
harmony with the growing plant, so that there is automatic compensation for climatic 
differences. When full, effective ground cover is reached; the crop factor would be 1.0. 
 
 



61 
 

The four stages of crop development are described as follows: 
 

Initial stage: 
 

Germination and early growth, when the ground 
surface is barely covered by the crop (ground cover 
<10%) 

Crop development 
stage: 

From the end of the initial stage to the reaching of 
effective full ground cover (ground cover 70-80%) 

Mid season stage: From reaching full effective ground cover, till the 
beginning of maturity, as indicated by colour 
change of leaves and leaf drop 

Late season stage: from the end of the mid season stage to full 
maturity or harvest 

 
The basic approach for the estimation of crop water use is still the same as with A-pan 
and crop factors: 
 0*crop cET K ET  (11) 

where: ETcrop crop evapotranspiration 
 Kc crop coefficient  
 ET0 reference evaporation 

     
 
The value of ET0 was originally determined with the aid of weighing lysimeters.  
Different methods for the calculations of these values from climatic data have been 
developed. These include methods that derive ET0 form A-pan evaporation (E0). 
Eventually the Penman-Monteith equation for the calculation of ET0 has been 
internationally recognized and has been published as the standard calculation method in 
the FAO Irrigation and Drainage Report No 56 (Allen et al., 1998). 
 
Smith (1991) reported on the expert consultation with the aim of evaluating FAO No 24 
that took place in Rome during 1990: 
 

In the series of Irrigation and Drainage reports the FAO methodology for 
the estimation of crop water requirements has proved itself as exceptional. 
FAO 24 became the international standard, and irrigation engineers, 
agronomists, hydrologists and environmentalists are using it on a worldwide 
scale. More than 200 000 copies have already been distributed in four 
languages.  FAO 24 was combined with FAO Irrigation and Drainage 
Report No 33 “Yield responses to water” (Doorenbos, Kassam, Bentvelsen, 
Bransheid, Plusjé, Smith, Uittenbogaard and Van der Wal, 1986), and was 
published as a computer program CROPWAT (Smith, 1992). This program 
further enhanced the acceptance of the FAO procedures. The consultation 
decided that crop factors are still valid, but that updating is justified and that 
the following should be considered: 

 
Review, with specific reference, crop factors for trees and fruit crops, as 
well as several of the perennial crops; 
Review crop factors, specifically during the initial stage, by evaluating soil 
evaporation and basal crop transpiration separately; 
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Review the effect of climate and advective conditions on the crop factor; 
Review and update the length of the different growth stages, possibly also 
the incorporation of a growth function coupled to temperature and dry 
matter yield. 

 
Since the consultation progress has been made on these aspects. Recommended 
procedures and data are published in FAO Irrigation and Drainage Report No 56 (Allen 
et al., 1998). As far as is known, this progress has not yet been directly integrated into 
design and planning programs. 
 
Smith (1994) strongly recommended that the four-stage FAO procedure for the 
determination of crop factors be applied in SAPWAT to ensure a transparent and 
internationally comparable methodology. He acknowledges that the standard crop 
factors has to be adjusted to provide for the climatic conditions of regions, new 
cultivars, deviations in planting density as well as for the full range of irrigation 
methods. One of the shortcomings of similar programs is that they were designed in the 
days of long cycle flood and sprinkler irrigation and thus do not reflect techniques 
applied by developing farmers, such as wide spaced, short row, surface irrigation. 
 
The need for the separate evaluation of soil evaporation and plant transpiration has been 
identified during the expert consultation (Smith, 1991), and a recommended 
methodology was published later (Allen et al., 1996). At about the same time a similar 
procedure was developed for SAPWAT, based on the work done by De Jager and Van 
Zyl (1987) and by Strooisnijder (1987). The SAPWAT procedure has the advantage that 
it is independent of soil texture.  If the soil evaporation and plant transpiration is 
considered, it becomes possible to manipulate the basic crop factors to provide for 
ground cover, wetted area, frequency of irrigation, cover crops, fruit trees, perennial 
crops, and different irrigation systems. SAPWAT was the first program that applied this 
possibility in a user orientated crop irrigation program. 
 
A lot of attention needs to be given to crop factor values, specifically peak values. There 
is a tendency to accept the default crop factor curve or table as a given physiological 
characteristic of a crop. Nothing is further from the truth. Unrealistic or incorrectly 
applied crop factors are probably the main reason for inaccurate estimates of irrigation 
requirements.  During the development of SAPWAT, specific attention was given to 
crop factors. The ideal would have been to let the crop grow, similar to growth models, 
so that stage length will react to planting date and climate. However, this is not possible 
in a program of this nature, because of the comprehensive inputs required to simulate 
crop growth. The use of short grass reference evaporation reduces the impact of climatic 
change on crop water use, but has no influence on the length of growth stages. 
 
The solution was to subdivide South Africa into seven agro-climatic regions and to 
develop default crop factors for each of these regions. Default planting dates for each 
region and crop is also specified and where planting date has a noticeable influence on 
growth stages, individual crop files were developed according to planting month per 
region. Where noticeable differences between cultivars (e.g. early or late) are found, 
each is handled as a separate crop.  The crop factor file was developed according to 
rules derived with the help of crop scientists.  Validation of these values takes place 
continuously and is based on practices in the field and on the experience of irrigation 
consultants. The default crop factor files provide for manipulations as discussed. The 
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seven agro-climatic regions for South Africa have now been superseded by the change 
to the Köppen-Geiger approach to standardized climatic regions that form the 
background of the update of crop factor data for SAPWAT3 contained in this report. 

6.3 Application in SAPWAT3 

6.3.1 Data organisation 

A four-level relational set of data tables has been developed for use with SAPWAT3. 
The four levels are: crop, crop option, planting date and detail.   

6.3.1.1 The crop data table 

Information in this data table includes crop height, rooting depth, allowed depletion, 
yield response (Ky) values, salinity threshold and sensitivity values and leaf resistance.  
Yield response values, salinity threshold and sensitivity values and leaf resistance 
values are used to estimate irrigation water requirement under non-standard and stress 
situations. 

6.3.1.2 The crop option data table 

This file is the linkage between the crop and differences in growth and development 
found in early or late varieties, long or short growers, and differences resulting from the 
seasons for producing a crop. 

6.3.1.3 The planting data table 

This data is the link between the different crop options and the detail file.  It provides 
the scope to differentiate between growth and development reactions of the crop 
because of planting during different seasons. 

6.3.1.4 The crop detail file 

This file contains the detailed information about the crop relevant to the crop options 
and the planting date related to a specific climate.  The growing periods of the four 
development stages, as well as the Kcb-values for each of the stages is included in this 
file. 

6.3.1.5 The crop group data table 

The crop data table is linked to a crop group data table in which the crop groups used by 
Allen et al. (1998) has been included and expanded.  This enables the user to edit data 
related to the group.  

6.3.1.6 User interaction with crop data tables 

The user-data interaction screen forms are self-describing.  However, the user should 
note that provision is also made to input potential yield, a figure on which reduction in 
yield is based and therefore influences the gross margin calculation in the enterprise 
budget part of the program.  The user can also add as many detail data records as 
required, but mark only those for use which the user wants to use.  The addition of 
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references linked to records is handy, as has been found that information regarding crop 
growth and development vary amongst sources.   
 
A possible controversial adaptation has been incorporated in the crop data.  The mid-
season growth stage has been given two entries, a start and an end entry.  This allows 
the user to add different values for the start and end of this stage so that a slope can be 
added to the midseason.  This adaptation is based on observations of results in mainly 
tree crops with long midseason periods, and specifically those which cross seasonal 
boundaries, where it has been observed that if a slight slope is given to the midseason 
stage line, a set of monthly irrigation requirements is estimated which is closer to actual 
values found than the existing output where the midseason stage line is parallel to the x-
axis.    
 
The user can add any number of data at any of the levels.  The maximum file size for 
each of these files is 2 Gb or 1 * 109 records, whichever limit is reached first.  It is 
possible that system limitations might reduce these maxima. 
 
Crop characteristics are included in the data tables for crops usually grown in the A 
(tropical), B (dry) and C (mild) climate zones. Climates D (snow) and E (ice) are 
included in the climate data table; therefore a user could add crops grown in any climate 
region. 

6.4 Methodology  

Crop characteristics for application by SAPWAT were mainly collected by means of 
surveys of researchers, technicians and farmers who grow the crops and, where 
possible, evaluated against existing published data. One of the unfortunate things about 
the four-stage FAO crop factor curve is that the data required to apply it, is not 
necessarily included in the data that researchers usually collect. The usual pattern of 
data collection related to growth and development is that of planting day, day of 
emergence, commencement of flowering / tasseling / earing, day when the crop is 
physiologically ripe, reaping dates and production levels.  The four-stage curve required 
dates of planting, 10% foliage cover, 70% to 80% foliage cover (usually when leaf area 
index (LAI) reaches about 3), beginning of senescence (first signs of the discolouration 
of leaves), last day of irrigation, the last day of growth and level of activity when 
growth stops (Allen et al., 1998). As some of these events occur in between those that 
are usually noted, one has to rely on the observation capacity of the researcher, 
technician and farmer to deduce applicable dates or periods for the stages of the four-
stage growth curve.  This task can be approached in several ways, one of which is to 
visit knowledgeable scientists, scheduling consultants and farmers in different irrigation 
areas and to reproduce what they are doing in practice in the field with SAPWAT 
simulations. This is successful where there is data available as was the case in the 
Orange-Riet and Orange-Vaal river areas through the offices of the Orange-Vaal and 
Orange-Riet WUAs and of GWK Ltd (Van Heerden et al., 1999).  What has come out 
of this work is that ways and means of undertaking field checks on “what is going on” 
under the soil surface is an important aspect of verifying crop coefficients. Only too 
often this information is not available.  
 
The list of personal communications for this purpose is taken up in the source list. The 
data thus collected is compared to data published in FAO 56 (Allen et al., 1998) and 
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related literature.  The four-stage crop coefficient curve, its influence on crop irrigation 
requirements, soil water balances and irrigation strategies were reviewed.  This led to 
the confirmation or adaptation of the crop characteristics of those crops included in the 
SAPWAT3 data files: 
 
Bananas: Morse, Robinson and Ferreira, 1996. 
 
Chicory:  Aucamp, 1978;   Luckman, 2002. 
 
Citrus and Subtropical crops:  Childs, 2002; Van Rensburg, 2004; Du Preez, 2003; 
Tolmay and Kruger, undated. 
 
Cotton:  Sentrale Katoenkoöperasie, Undated.  
 
Dates:  Ziad, 1999. 
 
Deciduous fruit:  Volschenk et al., 2003;   North, 2004. 
 
Field crops:  Booyens, 2004;  Ceronio, 2004;  De Jager, 1994;  Du Plessis, 2003;  
Gerber, 2003;  McMahon et al., 2002;   Nel, 2003;  Otto, 2004;  Van Heerden et al., 
1999;  Smit, 2003;  Van der Schyff, 2004;  Viviers, 2003;  Wilken, 2004. 
 
Fodder crops and Pastures:  De Kock, 2004; Dickinson and Hyam (Ed), 1984; Marais et 
al., 2002; Meredith, 1959; Theron, 2002. 
 
Grapes:  Albertse 2004; Myburgh, 2004a; Myburgh, 2004b; Myburgh and Howell, 
2007a; Myburgh and Howell, 2007b. 
 
Groundnuts:  Jansen, 2004. 
 
Irrigation scheduling, soil water balance and crop reaction:  Annandale et al., 1999;  
Bennie et al., 1998;  Bennie et al., 1997;  Crosby and Crosby, 1999;  De Jager et al., 
2001;  Doorenbos et al., 1986;  Garg, 1992;  Hagan et al., 1967;  Hoffman, 2004;  
LeCler, 2004;  Smith, 1992;  Van Heerden et al., 1999. 
 
Irrigation systems and adaptation to crops:  Hoffman et al., 1990; Sanmugnathan et al., 
2000; USWRC, 1976. 
 
Oil seeds:  Liebenberg, 2002. 
 
Olives:  Netafim Agricultural Section, 2002. 
 
Potatoes:  Coetzee, 2004;   Steyn, 2004. 
 
Sugar Beet:  Cooke and Scott, 1993. 
 
Sugar cane:  Inman-Bamber and McGlinchey, 2003;  Olivier, 2004.  
 
Tobacco:  Dippenaar, 2003. 
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Vegetables:  Annandale et al., 1996;  Jovanovic and Annandale, 1999;  McMahon et al., 
2002; Mappledoram, 2004;  Reader’s Digest, 1984;  Van Heerden et al., 1999;  Van 
Wyk, 1992.  

6.4.1 Possible improvements 

The present system, where a four stage crop growth curve is drawn for each 
combination of crop, crop option, planting date and climate, is time consuming and 
many records are generated which increases the possibility of errors.  This leads one to 
agree with Allen et al. (1998), that different approaches of constructing a crop growth 
curve need to be investigated.  One of the possibilities is the construction of a basic 
curve and possible mathematical or statistical adjustments of that basic curve to reflect 
changes due to heat units, cold units, daylight length and whatever other combination of 
climatic parameter that could influence crop growth and development. 
 
However, it was found during surveys on crop growth and development that the 
responder could very easily link into the concept of the four-stage approach and could in 
most cases, give usable answers.  The fourth stage curve is also very easy to adapt, if 
the need should arise. 
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CHAPTER 7 
EVAPOTRANSPIRATION  

7.1 Factors affecting evapotranspiration 

Weather parameters, crop characteristics, management and environmental aspects are 
factors that affect transpiration and evaporation.  The related concepts are shown in 
Figure 7-1 (Allen et al., 1998). 
 

 
Figure 7-1:  Factors affecting evapotranspiration with reference to related ET 

concepts (Allen et al., 1998) 

The principle weather parameters affecting evapotranspiration are radiation, air 
temperature, humidity and wind speed.  Several procedures have been developed to 
assess the evaporation rate from these parameters.  The evaporative power of the 
atmosphere is expressed by the reference crop evapotranspiration (ET0) which 
represents the evapotranspiration from standardised vegetation. The crop type, variety 
and development stage should be considered when assessing the evapotranspiration 
from crops grown in large, well managed fields.  Differences in resistance to 
transpiration, crop height, crop roughness, reflection, ground cover and crop rooting 
characteristics result in different ET levels in different types of crops under identical 
environmental conditions.  Crop evapotranspiration under standard conditions (ETc) is 
the evapotranspiration demand from crops that are grown in large fields under optimum 
soil water, excellent management and environmental conditions, and achieve full 
production under the given climatic conditions (Allen et al., 1998). 
 
Factors such as soil salinity, poor land fertility, and limited application of fertilizers, the 
presence of hard or impenetrable soil horizons, the absence of control of diseases and 
pests and poor soil management may limit the crop development and reduce the 
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evapotranspiration.  Other factors to be considered when assessing ET are ground cover, 
plant density and soil water content.  The effect of soil water content on ET is 
conditioned primarily by the magnitude of the water deficit and the type of soil.  On the 
other hand, too much water will result in water logging which might damage the roots 
and limit root water uptake by inhibiting respiration (Allen et al., 1998). 
 
When assessing the ET rate, additional consideration should be given to the range of 
management practices that act on the climatic and crop factors affecting the ET process.  
Cultivation practices and the type of irrigation method can alter the microclimate, affect 
the crop characteristics or affect the wetting of the soil and crop surface.  A windbreak 
reduces wind velocities and decreases the ET rate of the field directly beyond the 
barrier.  The effect can be significant, especially in windy, warm and dry conditions 
although evapotranspiration from the trees themselves may offset any reduction in the 
field.  Soil evaporation in a young orchard, where trees are widely spaced, can be 
reduced by using a well-designed drip irrigation system.  The drippers apply water 
directly to the soil near the trees, thereby leaving the major part of the soil surface dry, 
which limits the evaporation losses.  The use of mulches, especially when the crop is 
small, is another way of substantially reducing soil evaporation.  Anti-transpirants, such 
as stomata-closing, film-forming or reflective material, reduce the water losses from the 
crop and hence the transpiration rate (Allen et al., 1998).  
 
Where field conditions differ from the standard conditions, correcting factors are 
required to adjust ETc.  The adjustment reflects the effect on crop evapotranspiration of 
the environmental and management conditions in the field (Allen et al., 1998). 

7.2 Evapotranspiration concepts 

A distinction is made (Figure 7-2) between reference crop evapotranspiration (ET0), 
crop evapotranspiration under standard conditions (ETc) and crop evapotranspiration 
under non-standard conditions (ETc adj).  ET0 is a climatic parameter expressing the 
evaporation power of the atmosphere.  ETc refers to the evapotranspiration from 
excellently managed large, well-watered field that achieve full production under the 
given climatic conditions.  Due to sub-optimal crop management and environmental 
constraints that affect crop growth and limit evapotranspiration, ETc under non-standard 
conditions generally require a correction (Allen et al., 1998). 
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Figure 7-2:  Reference (ET0), crop evapotranspiration under standard (ETc) and 
non-standard conditions (ETc adj) (Allen et al., 1998) 

7.2.1 Reference crop evapotranspiration 

The evapotranspiration rate from a reference surface, not short of water, is called the 
reference crop evapotranspiration or reference evapotranspiration and is denoted as ET0.  
It is defined as:   
 

A hypothetical crop with an assumed height of 0.12 m, having a surface 
resistance of 70 s.m-1 and an albedo of 0.23, closely resembling the 
evaporation of an extensive surface of green grass of uniform height, 
actively growing and adequately watered (Allen et al., 1998).  

 
The only factors affecting ET0 are climatic parameters.  Consequently, ET0 is a climatic 
parameter and can be computed from weather data.  ET0 expresses the 
evapotranspiration power of the atmosphere at a specific location and time of the year 
and does not consider the crop characteristics and soil factors.  The FAO Penman-
Monteith method is recommended as the sole method for determining ET0.  The method 
has been selected because it closely approximates grass ET0 at the location evaluated, is 
physically based, and explicitly incorporates both physical and aerodynamic parameters.  
Moreover, procedures have been developed for estimating missing climatic parameters 
(Allen et al., 1998). 
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7.2.2 Crop evapotranspiration under standard conditions (ETc) 

The crop evapotranspiration under standard conditions, denoted as ETc, is the 
evapotranspiration from disease-free, well fertilized crops, grown in large fields, under 
optimum soil water conditions and achieving full production under the given climatic 
conditions (Allen et al., 1998). 
 
The amount of water required to compensate for the evapotranspiration loss from the 
cropped field is defined as crop water requirement.  Although the values for crop 
evapotranspiration and crop water requirements are identical, crop water requirement 
refers to the amount of water that needs to be supplied, while crop evapotranspiration 
refers to the amount of water that is lost through evapotranspiration.  The irrigation 
water requirement basically represents the difference between the crop water 
requirement and the effective precipitation.  The irrigation water requirement also 
includes additional water for leaching of salts and to compensate for non-uniformity of 
water application (Allen et al., 1998). 
 
Crop evapotranspiration can be calculated from climatic data and by integrating directly 
the crop resistance, albedo and air resistance factors in the Penman-Monteith approach.  
As there is still a considerable lack of information for different crops, the Penman-
Monteith method is used for the estimation of the standard reference crop to determine 
its evapotranspiration rate, i.e. ET0.   Experimentally determined ratios of ETc/ET0, 
called crop coefficients (Kc), are used to relate ETc to ET0 or ETc = KcET0 (Allen et al., 
1998). 
 
Differences in leaf anatomy, stomatal characteristics, aerodynamic properties and even 
albedo cause the crop evapotranspiration to differ from the reference crop 
evapotranspiration under the same climatic conditions.  Due to variation in the crop 
characteristics throughout its growing season, Kc for a given crop changes from sowing 
till harvest (Allen et al., 1998). 

7.2.3 Crop evapotranspiration under non-standard conditions  
(ETc adj) 

The crop evapotranspiration under non-standard conditions (ETc adj) is the 
evapotranspiration for crops grown under management and environmental conditions 
that differ from the ideal conditions.  When cultivating crops in fields, the real crop 
evapotranspiration may deviate from ETc due to non-optimal conditions such as the 
presence of pests and disease, soil salinity, low soil fertility, water shortage or water 
logging.  This may result in scanty plant growth, low plant density and may reduce the 
evapotranspiration rate below ETc.  Calculating crop evapotranspiration under non-
standard conditions is done by using a water stress coefficient Ks and/or by adjusting Kc 
for stresses and environmental constraints on crop evapotranspiration (Allen et al., 
1998). 
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7.3 Calculating reference evapotranspiration 

7.3.1 Introduction 

A Penman-Monteith subroutine has been developed for SAPWAT3 on the basis of the 
approach described by Allen et al. (1998). 

 

7.3.2 Calculating reference evapotranspiration values 

All reference evapotranspiration (ET0) calculations from weather data are calculated 
through the Penman-Monteith approach as described by Allen et al. (1998).  This 
equation is: 
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where: ET0 reference evapotranspiration [mm day-1] 
 Rn net radiation at crop surface [MJ m-2 day-

1] 
 G soil heat flux density [MJ m-2 day-1] 
 T mean daily air temperature at 2 m height 

[°C] 
 U2 wind speed at 2 m height [m s-1] 
 es saturation vapour pressure [kPa] 
 ea actual vapour pressure [kPa] 
 es- saturation vapour pressure deficit [kPa] 
 Δ slope vapour pressure curve [kPa °C-1] 
 Γ psychrometric constant [kPa °C-1] 

 
The calculated reference evapotranspiration, ET0, provides a standard to which: 
 

Evapotranspiration at different periods of the year or in other regions can be 
compared; 
Evapotranspiration of other crops can be related. 

 
The equation uses standard weather data records of solar radiation (sunshine), air 
temperature, humidity and wind speed and is described as being a close, simple 
representation of the physical and physiological factors governing the 
evapotranspiration process.  By using the FAO Penman-Monteith definition for ET0, 
one may calculate crop coefficients at research sites by relating the measured crop 

evapotranspiration (ETc) with the calculated ET0, i.e.
0

c
c

ET
K

ET
 .  In the crop coefficient 

approach, differences in the crop canopy and aerodynamic resistance relative to the 
hypothetical reference crop are accounted for within the crop coefficient.  The Kc 
coefficient serves as an aggregation of the physical and physiological differences 
between crops and the reference condition (Allen et al., 1998). 
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7.3.2.1 Data required 

Apart from longitude, latitude and elevation of the site location, the FAO Penman-
Monteith equation requires air temperature, humidity, radiation and wind speed, for 
daily weekly, ten-day or monthly calculations.  It is important to verify the units in 
which the weather data are reported to ensure that it is compatible with that required by 
the Penman-Monteith equation. The minimum data that can be used for ET0 calculations  
 
are minimum and maximum temperatures, although this approach is not recommended 
(Allen et al., 1998). 

7.3.2.2 Meteorological factors determining ET 

The meteorological factors determining evapotranspiration are weather parameters that 
provide energy for vaporisation and remove water vapour from the evaporating surface. 

7.3.2.2.1 Solar radiation 
The evaporation process is determined by the amount of energy available to vaporise 
water.  Solar radiation is the largest energy source and is able to change large 
proportions of liquid water into water vapour.  The potential amount of energy that can 
reach a surface is determined by its location and the time of the year.  Due to differences 
in the position of the sun, the potential radiation differs at various latitudes and in 
different seasons.  The actual solar radiation reaching the evaporative surface depends 
on the turbidity of the atmosphere and the presence of clouds that reflect and absorb 
major parts of the radiation.  Not all energy from this source is used to vaporise water, 
some of it is used to heat the atmosphere and the soil profile (Allen et al., 1998). 

7.3.2.2.2 Air temperature 
The solar radiation absorbed by the atmosphere and the heat emitted by the earth 
increase the air temperature.  The sensible heat of the surrounding air transfers energy to 
the crop and exerts as such a controlling influence on the rate of evapotranspiration.  In 
sunny, warm weather the loss of water by evapotranspiration is greater than in cloudy 
and cool weather (Allen et al., 1998).  

7.3.2.2.3 Air humidity 
While the energy supply from the sun and the surrounding air is the main driving force 
for the vaporisation of water, the difference between the water vapour pressure at the 
evapotranspiring surface and the surrounding air is the determining factor for the vapour 
removal.  Well-watered fields in hot dry arid regions consume large amounts of water 
due to the abundance of energy and the desiccating power of the atmosphere.  In humid 
tropical regions, notwithstanding the high-energy input, the high humidity of the air will 
reduce the evapotranspiration demand.  In such an environment, the air is already close 
to saturation, so that less additional water can be stored; hence the evapotranspiration 
rate is lower than in arid regions (Allen et al., 1998). 

7.3.2.2.4 Wind speed 
The process of vapour removal depends to a large extent on wind and air turbulence, 
which transfer large quantities of air over the evaporating surface.  When vaporising 
water, the air above the vaporising surface becomes gradually saturated with water 
vapour.   If this air is not continuously replaced with drier air, the driving forces for the 
water vapour removal and the evapotranspiration rate decreases.  Evapotranspiration 
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demand is high in hot dry weather due to the dryness of the air and the amount of 
energy available as direct solar radiation and latent heat.  Under these circumstances, 
much water vapour can be stored in the air while wind may promote the transport of 
water allowing more water vapour to be taken up.  On the other hand, under humid 
conditions, the high humidity of the air and the presence of clouds cause the 
evapotranspiration rate to be lower.  For humid conditions, the wind can only replace 
saturated air with slightly less saturated air and remove heat energy.  Consequently the 
wind speed affect the evapotranspiration rate to a far lesser extent than under conditions 
where small variations in wind speed may result in larger variations in the 
evapotranspiration rate (Allen et al., 1998). 

7.3.2.2.5 Atmospheric parameters 
Several relationships are available to express climatic parameters that have an effect on 
the data that affects crop evapotranspiration.  These include: atmospheric pressure; 
latent heat of vaporisation; psychrometric constant; air temperature and air humidity.  
The calculation of these parameters and their influence on crop evapotranspiration are 
fully described by Allen et al., 1998. 

7.3.2.3 Climatic data acquisition 

7.3.2.3.1 Weather stations 
Meteorological data are recorded at various types of weather stations. 
Agrometeorological stations are sited in cropped areas where instruments are exposed to 
atmospheric conditions similar to those for the surrounding crops. In these stations, air 
temperature and humidity, wind speed and sunshine duration are typically measured at 2 
m above an extensive surface of grass or short crop. Where needed and feasible, the 
cover of the station is irrigated. Guidelines for the establishment and maintenance of 
agrometeorological stations are given in the FAO Irrigation and Drainage Paper No. 27 
(Doorenbos and Pruit, 1977). This handbook also describes the different types of 
instruments, their installation and reliability (Allen et al., 1998). 
 
Data collected at stations other than agrometeorological stations require a careful 
analysis of their validity before use. For example, in aeronautic stations, data relevant 
for aviation are measured. As airports are often situated near urban conditions, 
temperatures may be higher than those found in rural agricultural areas. Wind speed is 
commonly measured at 10 m height above the ground surface (Allen et al., 1998). 

7.3.2.3.2 Agroclimatic monthly databases 
Starting in 1984, FAO has published mean monthly agroclimatic data from 2 300 
stations in the FAO Plant Production and Protection Series. Several volumes exist 
(Allen et al., 1998): 
 

No. 22:  Volume 1: data for Africa, countries north of the equator (1984), 
Volume 2: data for Africa, countries south of the equator (1984); 
 
No. 24:   Agroclimatic data for Latin America and the Caribbean (1985);  
 
No. 25:  Volume 1: Agroclimatic data for Asia (A-J) (1987), Volume 2: 
Agroclirnatic data for Asia (K-Z) (1987). 
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CLIMWAT for CROPWAT (FAO Irrigation and Drainage Paper No. 46) 
(Smith, 1993) contains monthly data from 3 262 climatic stations contained 
on five separate diskettes.  
 
FAOCLIM provides a user-friendly interface on compact disc to the 
agroclimatic database of the Agrometeorology Group in FAO. The data 
presented are an extension of the previously published FAO Plant 
Production and Protection Series and the number of stations has been 
increased from 2 300 to about 19 000, with an improved worldwide 
coverage. However, values for all principal weather parameters are not 
available for all stations. Many contain air temperature and precipitation 
only (Allen et al., 1998). 

 
These databases can be consulted in order to verify the consistency of the actual 
database or to estimate missing climatic parameters. However, they should only be used 
for preliminary studies as they contain mean monthly data only. FAOCLIM provides 
monthly time series for only a few stations. The information in these databases should 
never replace actual data (Allen et al., 1998). 
 
Other electronic databases for portions of the globe have been published by the 
International Water Management Institute (IWMI). These databases include daily and 
monthly air temperature, precipitation and ET0 predicted using the Hargreaves ET0 

equation that is based on differences between daily maximum and minimum air 
temperature (Allen et al., 1998). 

7.3.2.4 Estimating missing climatic data 

The assessment of the reference evapotranspiration ET0 with the Penman-Monteith 
method is described by Allen et al. (1998). The calculation requires mean daily, ten-day 
or monthly maximum and minimum air temperature (Tmax and Tmin), actual vapour 
pressure (ea), net radiation (Rn) and wind speed measured at 2 m (u2).  If some of the 
required weather data are missing or cannot be calculated, it is strongly recommended 
that the user estimate the missing climatic data with procedures described by Allen et 
al., 1998. 

7.4 Fitting a regression to calculated ET0 values  

SAPWAT calculates daily crop water requirement values, while the different weather 
data sources in the SAPWAT weather station database have different data frequencies.  
CLIMWAT and user’s own data is stored as monthly averages.  Manual weather station 
data are daily averages and automatic weather station data are usually two-hourly 
averages, in both these cases duplicated for the number of years that a weather station 
has been in existence.  The fitting of a suitable regression function to all these data 
could eliminate the need of data manipulation as an interim action to get all data on the 
same or similar frequency of occurrence.  
 
This approach had to be developed and tested for SAPWAT3.  Two stations were 
initially selected for testing the applicability of developing a suitable regression 
approach for calculating reference evaporation data for predicting irrigation water 
requirements.  These stations are Kimberley in South Africa, mainly because the 
principle author is familiar with its climate, and Giza in Egypt, downstream of Cairo on 
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the Nile River, as a station on more or less the same latitude north as the latitude south 
on which Kimberley is situated.  Both stations are situated in a dry, hot climate.  The 
ET0 curves in Error! Reference source not found. for Kimberley (28.30° south) and 
Giza (30.03° north) can be compared.  The curves are approximate mirror images of 
each other and both show a tendency that suggests that a trigonometric function, such as 
a sine or a cosine function, could be fitted in order to develop a regression equation that 
could be used for calculating daily reference evapotranspiration for the eventual linking 
into the crop factor data to estimate irrigation water requirements (Snedecor and 
Cochran, 1966).  This suggestion is further enhanced by the knowledge that, barring 
relative small year on year variation, climatic conditions repeat itself over time.  
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Figure 7-3 Penman-Monteith ET0 values for the weather stations Kimberley (Lat = 

-28.48; Alt = 1204 m) and Giza (Lat = 30.03; Alt = 19 m) 

The fitting of a cosine function seem to be an appropriate choice because the cosine 
value for 0°/360° (DOY 1 / DOY 365) is at its highest, while the lowest value is found 
at 180° (DOY 182), which is similar to what is seen in the case of the Kimberley ET0 
curve, as seen in figure 4.1.  Should the slope of the regression value become negative, 
the curve would turn over and reflect the ET0 curve of Giza.   
 
It could therefore be hypothesised that a regression function 
 
 cosY a b X   (13) 

where: X = DOY (day of year) could be fitted to the ET0 data generated by the Penman-
Monteith approach and that such a function could be universally applicable for 
calculating reference evaporation values. 
 
To apply equation (13), the 365 days of a year must be converted to 360 degrees, and as 
all calculations in the Penman-Monteith approach use radians and as radians are also the 
default approach for angle calculations by computer, a further conversion of pi/180 have 
to be made to convert DOY (day of year) to the equivalent angle in radians.  The result 
is a conversion constant of the value of 0.0172.  The variable X in equation 10 is 
replaced by the DOY value and the equation would therefore become:  
 
 cos(0.0172 )Y a b DOY   (14) 

where: 0.0172 = conversion of DOY to radians  
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The CLIMWAT data tables give monthly averages; therefore the month value should be 
taken as the middle day of the month, expressed as a DOY value.  The DOY equivalent 
for each month is calculated with an equation given by Allen et al. (1998). 
 
 int(30.4 15)DOY M   (15) 

where:    DOY = middle month day of year 
M = month number 
 

The results of applying calculations (14) and (15) on CLIMWAT data for the Kimberley 
and Giza weather stations can be seen in Table 7-1 and in Error! Reference source not 
found.. 

Table 7-1 Table showing the DOY, transformed DOY and ET0 values for the 
weather stations Kimberley and Giza 

Month Midmonth DOY DOY transformed 
to radians 

Kimberley 
ET0: mm 

Giza 
ET0: mm 

1 15 1.9668 6.7 2.1 
2 45 1.7147 5.9 2.7 
3 76 1.2595 4.6 4.0 
4 106 0.7488 3.5 5.1 
5 137 0.2914 2.7 6.4 
6 167 0.0354 2.4 7.3 
7 197 0.0310 2.6 6.8 
8 228 0.2914 3.7 6.1 
9 258 0.7322 4.6 5.2 
10 289 1.2595 5.6 4.2 
11 319 1.7025 6.4 2.8 
12 349 1.9623 6.9 2.2 
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Figure 7-4 Regression of ET0 on DOY for the stations Kimberley and Giza.  

(Kimberley: Y = 2.4567 + 2.1666cosX,  r2 = 0.9374;  Giza:  Y = 7.0655 - 2.4915cosX,  
r2 = 0.9199) 

Inspection of data of several stations indicated that DOY=1 (January 1) do not 
necessarily coincide with the highest point of the ET0-curve.  The southern summer 
solstice occurs on 22 December (Strahler and Strahler, 2002) and it could be expected 
that the apex of the ET0 cycle should occur then.  However, a lag time in the heating or 
cooling off of a geographic area through the seasons (Strahler and Strahler, 2002), 
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seasonal cloud cover and periods of higher humidity linked to rainy seasons; seem to 
result in the ET0 curve lagging behind calendar time.  In order to test this, DOY was 
adapted by adding or subtracting days from the original value and repeating the 
regression calculation after each change, until the best fit is achieved, as indicated by 
the highest r2 value.   The result can be seen in Figure 7-5. 
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Figure 7-5 Regression of ET0 on DOY for the stations Kimberley and Giza after 
adaptation for lag-time for Kimberley of 14 days and -1 for Giza.  (Kimberley:  Y 
= 2.4017 + 2.2321cosX,  r2 = 0.9980;  Giza:  Y = 7.0647 - 2.4898cosX,  r2 = 0.9199) 

The regression equation for fitting ET0 values to DOY values will thus become: 

 0 cos(0.0172( )ET a b DOY lag    (16) 

where:   ET0 calculated value of ET0 for day DOY 
 a y-axis intercept 
 b slope 
 lag sideways shift due to lag 

  
equation (16) is built into the SAPWAT routine for calculating ET0 values from climatic 
data.  The results for the weather stations Kimberley and Giza can be seen in Figure 7-6.  
The obvious good fit is reflected in r2 values of 0.9942 and 0.9945 and standard errors 
of 0.13 and 0.28 for the two stations respectively.   

 

Figure 7-6 SAPWAT generated ET0 curves for Kimberley and Giza based on 
fitting a cosine function to the ET0 values for days 
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The application of equation (16) was tested on several other stations out of different 
climatic regions to verify that the results are that which are to be expected.  The results 
can be seen in Figure 7-7. 

 

Figure 7-7 The results of applying regression equation (16) on weather stations 
from a variety of climatic regions 

The fit of the regression curves to calculated ET0 data as can be seen in Figure 7-7 
seems good.  
 



79 
 

The goodness of fit in extreme weather stations included in CLIMWAT needs also to be 
investigated.  The two examples that were taken represent extremely hot (Berbera, dry, 
hot) and cold areas (Mohe, snow, cool summers) can be seen in Figure 7-8. 

 
Figure 7-8 Testing the goodness of fit of the regression equation (16) for extreme 

situations 

 

 

Figure 7-9 Testing the goodness of fit of the regression equation (16) on areas with 
monsoon rains 

In monsoon areas, the climate is characterised by a long dry spell, followed by a period 
or periods of intense rain.  During the rainy season cloud cover could be found for long 
periods and in conjunction with this the high humidity that accompanies rain, suggest 
that it might not be easy to fit a cosine egression line.  Figure 7-9, Bangkok, tropical 
climate, indicates that a fit is possible, but a big sideways shift due to lag time was 
found.  In this particular case, a time lag shift of 79 days was necessary, but this resulted 
in an r2 value of 0.8569. 
 
A further comparison would be between CLIMWAT’s once a month data with about 11 
years’ daily data for the weather station Kokstad and can be seen in Figure 7-10.  The 
patterns are similar, with Kcmax of 4.25 mm day-1 for the CLIMWAT station and 4.04 
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mm day-1 for the manual station.  The more data included in the manual station data 
forces the Kcmin for the manual station to 0.8 mm day-1, which seems substantially lower 
than the 1.7 mm day-1 for the CLIMWAT station.  As this lower value also coincides 
with the period of low growth and therefore low water use, the effect of the difference 
become much less than it would have been had this difference been found in 
midsummer when growth rate and water use would be at its peak. 
 

 

Figure 7-10  A comparison of CLIMWAT and manual station with 11 years’ data 
for the weather station Kokstad 

The overall impression of these results suggest that a trigonometric function (cosine) 
could be fitted successfully on the ET0 data for a station to generate a regression curve 
that could be used in conjunction of crop characteristic data for the calculation of 
irrigation water requirements.   

7.5 Application in SAPWAT3 

7.5.1 The SAPWAT3 ET0 calculator 

This free-standing ET0 calculator uses weather data to calculate ET0 for each record in a 
weather station data table.  When weather data is added to SAPWAT3, the program runs 
sequentially through all the records and does the necessary calculations to determine 
and store values for use in the calculation of the Penman-Monteith equation.  This 
action includes the fitting of a regression curve to the data which enables SAPWAT3 to 
do time series irrigation requirement estimates for sub-periods of the total time series.  
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CHAPTER 8 
ETC - DUAL CROP COEFFICIENT (KC = KCB + KE) 

This chapter presents the procedure for predicting the effects of specific wetting events 
on the coefficients, one for crop transpiration, that is, the basal crop coefficient (Kcb) 
and one for soil evaporation (Ke).  The calculation of the crop coefficient Kc now 
becomes: 
 0( )c cb eET K K ET   (17) 

8.1 Transpiration component 

The basal crop coefficient (Kcb) is defined as the ratio of crop evapotranspiration over 
the reference evaporation (ETc/ET0) when the soil surface is dry but transpiration is 
occurring at a potential rate, i.e. water is not limiting transpiration.  Therefore ‘KcbET0‘ 
represents primarily the transpiration component ETc. The KcbET0 does not include a 
residual diffusive evaporation component by the soil water below the dry surface and by 
soil water beneath dense vegetation (Allen et al., 1998). 

8.1.1 Upper limit of Kc max  

Kc max represents an upper limit on the evaporation and transpiration from any cropped 
surface and is imposed to reflect the natural constraints placed on available energy 
represented by the energy balance difference Rn – G – H.  Kc max ranges from about 
1.05 to 1.30 when using grass reference ET0. 

8.1.2 Exposed and wetted soil fraction (few) 

In crops with incomplete ground cover, evaporation from the soil surface often does not 
occur uniformly over the entire surface, but is greater between plants where exposure to 
sunlight occurs and where air ventilation is able to transport vapour from the soil 
surface to above the canopy.  This is especially true when only part of the soil surface is 
wetted by irrigation. 
 
It is recognised that both the location and the fraction of the soil surface exposed to 
sunlight changes to some degree with the time of day and depending on row orientation.  
The procedure presented here predicts a general averaged fraction of the soil surface 
from which the majority of evaporation occurs.  Diffusive evaporation from the soil 
beneath the crop canopy is assumed to be largely included in the basal Kcb coefficient. 
 
Where the complete soil surface is wetted, as by precipitation or sprinkler, then the 
fraction of the soil surface from which most evaporation occurs, few, is essentially 
defined as (1 – fc) where fc is the average fraction of soil surface covered by vegetation 
and 1 – fc) is the approximate fraction of soil surface that is exposed (Figure 8-1).  
However, for irrigation systems where only a fraction of the ground surface is wetted, 
few must be limited to fw, the fraction of soil surface wetted by irrigation.  Therefore, few 
is calculated as: 
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 min(1 , )ew c wf f f   (18) 

Where: 1 – fc Average exposed soil fraction not covered (or shadowed) by 
vegetation [0.01-1] 

 fw Average fraction of soil surface wetted by irrigation or 
precipitation [0.01-1] 

 
The limitation imposed by equation (18) assumes that the fraction of soil wetted by 
irrigation occurs within the fraction of soil exposed to sunlight and ventilation.  Drip 
irrigation might be the exception because in most cases the wetted area is under the crop 
canopy.  In this case, it may be necessary to reduce the values to about one-half or one-
third of the shown value (Allen et al., 1998). 
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Figure 8-1 Determination of variable few (cross-hatchet areas) as a function of 

ground surface coverage (fc) and the fraction of the surface wetted (fw) (Allen et al., 
1998). 

8.1.3 Fraction of soil surface wetted by irrigation or precipitation 

Table 8-1 presents typical values for fw.  Where a mixture of irrigation and precipitation 
occur within the same drying period or the same day, the value of fw should be based on 
a weighted average of the fw for precipitation (fw = 1) and the fw of the irrigation system.  
The weighting should be approximately proportional to the infiltration from each water 
source (Allen et al., 1998).  
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Table 8-1 Common values of fraction of soil surface wetted by irrigation or 
precipitation (Allen et al., 1998) 

Wetting event fw 
Precipitation 
Sprinkler irrigation 
Basin irrigation 
Border irrigation 
Furrow irrigation (every furrow), narrow bed
Furrow irrigation (every furrow), wide bed 
Furrow irrigation (alternated rows) 
Trickle irrigation 

1.0 
1.0 
1.0 
1.0 
0.6-1.0 
0.4-0.6 
0.3-0.5 
0.3-0.4 

. 

8.1.3.1 Exposed soil surface (1 – fc) 

The fraction of soil surface that is covered by vegetation is termed fc.  Therefore, (1 – fc) 
represents the fraction of the soil that is exposed to sunlight and air ventilation and 
which serve as the site for the majority of evaporation from the wet soil.  The value for 
fc is limited to <0.99.  The user should assume appropriate values for the various growth 
stages.  Typical values for fc and (1 – fc) are given in Table 8-2.  
 

Table 8-2 Common values of fractions covered by vegetation (fc) and exposed 
sunlight (1 – fc) (Allen et al., 1998) 

Crop growth stage fc 1 – fc 
Initial stage 
Crop development stage
Mid-season stage 
Late season stage 

0.0-0.1
0.1-0.8
0.8-1.0
0.8-0.2

1.0-0.9
0.9-0.2
0.2-0.0
0.2-0.8

 
Application of equation (18) predicts that fc decreases during the late season period in 
proportion to Kcb, even though the ground cover may remain covered with senescing 
vegetation.  This prediction helps to account for the local transport of sensible heat from 
senescing leaves to the soil surface below (Allen et al., 1998). 

8.2 Daily calculation of Ke 

The estimation of Ke in the calculation period requires a daily water balance 
computation for the surface soil layer for the calculation of the cumulative evaporation 
or depletion for the wet condition.  The daily soil water balance equation for the 
exposed and wetted soil fraction few is seen in Figure 8-2:  
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Figure 8-2 Water balance of the topsoil layer (Allen et al., 1998). 

8.3 Application in SAPWAT3 

SAPWAT3 uses the split Kc approach for estimating crop water and crop irrigation 
requirements.  The daily water balance (equation(19)) is applied for this purpose.  The 
calculations of the daily water balance and all factors that influence it, is fully described 
by (Allen et al., 1998):  

, , 1 , ,( ) i i
e i e i i i ew i e i

w ew

I E
D D P RO T DP

f f         (19) 

Where De,i-1 Cumulative depth of evaporation following complete wetting 
from the exposed and wetted fraction of the topsoil at the end of 
day i-1 [mm] 

 De,i Cumulative depth of evaporation (depletion) following 
complete wetting at the end of day i [mm] 

 Pi Precipitation on day i [mm] 
 ROi Precipitation runoff from the soil surface on day i [mm] 
 Ii Irrigation depth on day i that infiltrates the soil [mm] 
 Ei Evaporation on day i (i.e. Ei = KeET0) [mm] 
 Tew,i Depth of transpiration from the exposed and wetted fraction of 

the soil surface layer on day i 
 DPe,i Deep percolation loss from the topsoil layer on day i if soil 

water content exceeds field capacity [mm] 
 fw Fraction of soil surface wetted by irrigation [0.01-1] 
 few Exposed and wetted soil fraction [0.01-1] 
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CHAPTER 9 
ETC UNDER SOIL WATER STRESS CONDITIONS  

Forces acting on the soil water can decrease its potential energy and make it less 
available for plant root extraction.  When the soil is wet, the water has a high potential 
energy, is released relatively free to move and is easily taken up by the plant roots.  In 
dry soils, the water has a low potential energy and is strongly bound by capillary and 
adsorptive forces to the soil matrix, and is less easily extracted by the crop.  When the 
potential energy of the soil water drops below a threshold value, the crop is said to be 
water stressed.  The effects of soil water stress are described by multiplying the basal 
crop coefficient by a water stress coefficient Ks (Allen et al., 1998). 

9.1 Soil water availability 

9.1.1 Total available water (TAW) 

Soil water availability refers to the capacity of a soil to retain water available to plants.  
After heavy rain or irrigation, the soil will drain until field capacity is reached.  Field 
capacity is the amount of water that a well-drained soil should hold against gravitational 
forces, or the amount of water remaining when the downward drainage has markedly 
decreased.  In the absence of water supply, the water content in the root zone decreases 
as a result of water uptake by the crop.  As water uptake progresses, the remaining water 
is held to the soil particles with greater force, lowering its potential energy and making 
it more difficult for the plants to extract it.  Eventually a point is reached where the crop 
can no longer extract the remaining water.  The water uptake becomes zero when 
wilting point is reached.  Wilting point is the water content at which plants will 
permanently wilt (Allen et al., 1998).  
 
As the water content above field capacity cannot be held against the forces of gravity 
and will drain and as the water content below wilting point cannot be extracted by plant 
roots, the total available water in the root zone is the difference between the water 
content at field capacity and wilting point (Allen et al., 1998). 
 
 1000( )FC WP rTAW Z    (20) 

Where TAW The total available water in the root zone [mm] 
 θFC The water content at field capacity [m3 m-3] 
 θWP The water content at wilting point [m3 m-3] 
 Zr The rooting depth [m] 

 
TAW is the amount of water that a crop can extract from its root zone and its magnitude 
depends on the type of soil and the rooting depth.  

9.1.2 Readily available water (RAW) 

Although water is theoretically available until wilting point, crop water uptake is 
reduced well before wilting point is reached.  Where the soil is sufficiently wet, the soil 
supplies water fast enough to meet the atmospheric demand of the crop, and water 
uptake equals ETc.  As the soil water content decreases, water becomes more strongly 
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bound to the soil matrix and is more difficult to extract.  When the soil water content 
drops below a threshold value, soil water can no longer be transported quickly enough 
towards the root to respond to the transpiration demand and the crop begins to 
experience stress.  The fraction of TAW that a crop can extract from the root zone 
without suffering water stress is the readily available soil water (Allen et al., 1998): 
 
 RAW pTAW  (21) 

Where RAW The readily available soil water in the root zone [mm] 
 P Average fraction of TAW that can be depleted from the 

root zone before moisture stress (reduction in ET) 
occurs [0-1] 

 
The value of p normally varies from 0.3 for shallow rooted plants at high rates of ETc (> 
8 mm d-1) to 0.7 for deep rooted plants at low rates of ETc (< 3 mm d-1).  A value for 0.5 
for p is commonly used for many crops (Allen et al., 1998). 
 
The fraction p is a function of the evaporation power of the atmosphere.  At low rates of 
ETc, the p values are higher than at high rates of ETc.  At high rates of ETc, during hot 
dry weather, p is lower than usual and the soil can be relatively wet when stress starts to 
occur.  When the crop evapotranspiration is low, p will be up to 20% more than 
expected values.  A numerical approximation for adjusting for ETc rate is:  
 
 0.04(5 )table cp p ET    (22) 

Where ptable Tabulated values for p 
For 0.2 ≤ p ≤ 0.8 
 

To express the tolerance of crops to water stress as a function of the fraction of the 
TAW is not wholly correct.  The rate of root water uptake is in fact more directly 
influenced by the potential energy level of the soil water (soil matric potential and 
associated hydraulic conductivity) than by water content.  As a certain soil matric 
potential corresponds in different soil types with different soil water contents, the value 
for p is also a function of the soil type.  Generally, it can be stated that for fine texture 
soils (clay), the listed p values can be reduced by 5-10%, while for more coarse textured 
soils (sand), they can be increased by 5-10% (Allen et al., 1998). 

9.2 Water stress coefficient (Ks) 

The effects of soil water stress on crop ET are described by reducing the value for the 
crop coefficient.  This is accomplished by multiplying the crop coefficient by the water 
stress coefficient (equation (23)).   
 
Water content in the root zone can also be expressed by root zone depletion, Dr, i.e. 
water shortage relative to field capacity.  At field capacity, the root zone depletion is 
zero (Dr = 0).  When soil water is extracted by evapotranspiration the depletion 
increases and stress will be induced when Dr becomes equal to RAW.  After root zone 
depletion exceeds RAW, the water content drops to less than potential value and the 
crop evapotranspiration begins to decrease in proportion to the amount of water 
remaining in the root zone, as shown in Figure 9-1. 
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Figure 9-1 Water stress coefficient Ks (Allen et al., 1998) 

For Dr > RAW, Ks is given by: 
 

 
(1 )

r r
s

TAW D TAW D
K

TAW RAW p TAW

  
 

 (23) 

Where Ks Is a dimensionless transpiration  reduction factor dependent 
on available soil water [0-1] 

 Dr Root zone depletion [mm] 
 TAW Total available soil water in the root zone [mm] 
 p Fraction of TAW that a crop can extract from the root zone 

without suffering water stress [-] 

9.3 Soil water balance 

The estimation of Ks requires a daily water balance computation for the root zone, 
schematically (Figure 9-2) the root zone can be presented by means of a container in 
which the water content may fluctuate.  To express the water content as root zone 
depletion is useful. It makes the adding and subtracting of losses and gains 
straightforward as the various parameters of the soil water balance are usually expressed 
in terms of water depth.  Rainfall, irrigation and capillary rise of groundwater towards 
the root zone add water to the root zone and decrease the root zone depletion.  Soil 
evaporation, crop transpiration and percolation losses remove water from the root zone 
and increase depletion.   



89 
 

 
Figure 9-2 Water balance of the root zone (Allen et al., 1998). 

The daily water balance, expressed in terms of depletion at the end of the day is: 
 
                                    , , 1 ,( )r i r i i i i c i iD D P RO I CR ET DP        (24) 

Where Dr,i Root zone depletion at end of day i [mm] 
 Dr,i-1 Water content in the root zone at the end of the previous 

day, i-1 [mm] 
 Pi Precipitation on day i [mm] 
 ROi Runoff from the soil  surface on day i [mm] 
 Ii Net irrigation depth on day i that infiltrates the soil [mm] 
 CRi Capillary rise from the groundwater table on day i [mm] 
 ETc,i Crop evapotranspiration on day i [mm] 
 DPi Water loss out of the root zone by deep percolation on day 

i [mm] 
 

9.3.1 Limits on Dr,i 

In Figure 9-2 it is assumed that water can be stored in the root zone until field capacity 
is reached.   Following heavy rain or irrigation, the water content might temporarily 
exceed field capacity.  The total amount of water above field capacity is assumed to be 
lost the same day by deep percolation following any ET for that day.  By assuming that 
the root zone is at field capacity following heavy rain or irrigation, the minimum value 
for depletion Dr,i is zero.  As a result of percolation and evapotranspiration, the water 
content in the root zone will gradually decrease and the root zone depletion will 
increase.  In the absence of any wetting event, the water content will steadily reach the 
minimum value θWP.  At that moment no water is left for evapotranspiration in the root 
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zone, Ks become zero, and the root zone depletion has reached its maximum value 
TAW.   

9.3.2 Initial depletion 

The initial depletion Dr,r-1 should be estimated.  The initial depletion can be derived 
from the measured soil water content by: 
 
 , 1 11000( )r i FC i rD Z     (25) 

Where θi-1 is the average soil water content for the effective root zone.  
 
Following heavy rain or irrigation, the user can assume that the root zone is near field 
capacity, i.e. Dr,i-1 ≈ 0. 

9.3.3 Precipitation (P), runoff (RO) and irrigation (I) 

Pi is equivalent to daily precipitation.  Daily precipitation in amounts less than about 
0.2ET0 is normally entirely evaporated and can usually be ignored in the water balance 
calculations.  Ii is equivalent to the mean infiltrated irrigation depth expressed for the 
entire field surface.  Runoff from the surface during precipitation can be predicted using 
standard procedures from hydrological text. 

9.3.4 Capillary rise (CR) 

The amount of water transported upwards by capillary rise from the water table to the 
root zone depends on the soil type, the depth of the water table and the wetness of the 
root zone.  CR can normally be assumed to be zero when the water table is more than 
about 1 m below the bottom of the root zone.  

9.3.5 Evapotranspiration 

Where the soil water depletion is smaller than RAW, the crop evapotranspiration equals 
ETc = KcET0.  As soon as Dr,i exceeds RAW, the crop evapotranspiration is reduced and 
ETc can be computed by incorporating equation (23). 

9.3.6 Deep percolation 

Following heavy rain or irrigation, the soil water content in the root zone might exceed 
field capacity.  In this simple procedure it is assumed that the soil water content as at 
θFC within the same day of the wetting event, so that the depletion Dr,i in equation (25) 
becomes zero.  Therefore, following a heavy rain or irrigation:  
 
 , , 1( )i i i c i r iDP P RO I ET D       (26) 

As long as the soil water content in the root zone is below field capacity (i.e. Dr,i >0), 
the soil will not drain and DPi = 0 (Allen et al., 1998). 
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9.4 Forecasting or allocating irrigations 

Irrigation is required when rainfall is insufficient for the water lost by 
evapotranspiration.  The primary objective of irrigation is to apply water at the right 
period and in the right amount.  By calculating the soil water balance on the root zone 
on a daily basis (equation (24)), the timing and the depth of irrigations can be planned.  
To avoid crop water stress, irrigation should be applied before or at the moment when 
the readily available soil water is depleted (Dr,i ≤ RAW).  To avoid deep percolation 
losses that may leach relevant nutrients out of the root zone, the net irrigation depth 
should be smaller than or equal to the root zone depletion (Ii ≤ Dr,i). 

9.5 Effects of soil salinity 

Salts in the soil water solution can reduce evapotranspiration by making water less 
available for the plant root extraction.  Salts have an affinity for water and hence 
additional force is required for the crop to extract water from a saline soil.   The 
presence of salts in the soil water solution reduces the total potential energy of the soil 
water solution.  In addition, some salts cause toxic effects in plants and can reduce plant 
metabolism and growth.  A function is included in SAPWAT3 that predicts the 
reduction in evapotranspiration caused by salinity of soil water. 
 
There is evidence that crop yield and transpiration are not as sensitive to low osmotic 
potential as they are to low matric potential. Under saline conditions, many plants are 
able to partially compensate for low osmotic potential of the soil water by building up 
higher internal solute contents. This is done by absorbing ions from the soil solution and 
by synthesizing organic osmolytes. Both of these reactions reduce the impact of osmotic 
potential on water availability. However, synthesis of organic osmolytes does require 
expenditure of metabolic energy. Therefore plant growth is often reduced under saline 
conditions. The reduced plant growth impacts on transpiration by reducing ground 
cover and sometimes partial stomatal closure. 
 
Other impacts of salts in the soil include direct sodium and chloride toxicities and 
induced nutrient deficiencies. These deficiencies reduce plant growth by reducing the 
rate of leaf elongation, the enlargement, and the division of cells in leaves. The modality 
depends on the method of irrigation. With sprinkler irrigation, adsorption of sodium and 
chloride through the leaf can result in toxic conditions for all crop species. With surface 
or trickle irrigation, direct toxic conditions generally occur only in vine and tree crops; 
however, high levels of sodium can induce calcium deficiencies for all crop species.  
 
Since salt concentration changes as the soil water content changes, soil salinity is 
normally measured and expressed on the basis of the electrical conductivity of the 
saturation extract of the soil (ECe). The ECe is defined as the electrical conductivity of 
the soil water solution after the addition of a sufficient quantity of distilled water to 
bring the soil water content to saturation. ECe is typically expressed in milliSiemens per 
meter (mS m-1). Under optimum management conditions, crop yields remain at potential 
levels until a specific threshold electrical conductivity of the saturation soil water 
extract (ECe threshold) is reached. If the average ECe of the root zone increases above this 
critical threshold value, the yield is presumed to begin to decrease linearly in proportion 
to the increase in salinity. The rate of decrease in yield with increase in salinity is 
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usually expressed as a slope, b, having units of % reduction in yield per mS/m increase 
in ECe.  
Not all plants respond to salinity in a similar manner; some crops can produce 
acceptable yields at much higher soil salinity levels than others. This is because some 
crops are more able to make the needed osmotic adjustments that enable them to extract 
more water from a saline soil, or they may be more tolerant of some of the toxic effects 
of saline water.  The effect of soil salinity on yield and crop evapotranspiration is crop 
specific.  
 
The ECe threshold and b parameters were determined primarily in research experiments 
using nearly steady-state irrigation where soil water contents were maintained at levels 
close to field capacity. However, under most types of irrigation scheduling for sprinkler 
and surface irrigation, the soil water content is typically depleted to well below field 
capacity, so that the EC of the soil water solution, ECSW, increases prior to irrigation, 
even though the EC of the saturation extract does not change. The increased salt 
concentration in the soil water solution reduces the osmotic potential of the soil water 
solution (it becomes more negative), so that the plant must expend more metabolic 
energy and may exert more mechanical force to absorb water. In addition, metabolic 
and toxic effects of salts on plants may become more pronounced as the soil dries and 
concentrations increase. However, the variation in soil water content during an 
irrigation interval has not been found to strongly influence crop evapotranspiration. This 
is because of the rise of soil water content to levels that are above that experienced 
under steady state irrigation early in a long irrigation interval. There is a similar, 
counteractive decrease in soil water content later in a long irrigation interval. In 
addition, the distribution of salts in the root zone under low frequency irrigation can 
reduce salinity impacts during the first portion of the irrigation interval. Also, under 
high frequency irrigation of the soil surface, soil evaporation losses are higher. 
Consequently, given the same application depth, the leaching fraction is reduced. For 
these reasons, the length of irrigation interval and the change in EC of soil water during 
the interval have usually not been found to be factors in the reduction of ET, given that 
the same depths of water are infiltrated into the root zone over time.  
 
Research has found that effects of soil salinity and water stress are generally additive in 
their impacts on crop evapotranspiration. Therefore, the same yield-ET functions may 
hold for both water shortage induced stress and for salinity induced stress water (Allen 
et al., 1998).  

9.6 Yield-salinity relationship 

A widely practiced approach for predicting the reduction in crop yield due to salinity 
presumes that, under optimum management conditions, crop yields remain at potential 
levels until a specific threshold electrical conductivity of the soil water solution is 
reached. When salinity increases beyond this threshold, crop yields are presumed to 
decrease linearly in proportion to the increase in salinity. The soil water salinity is 
expressed as the electrical conductivity of the saturation extract, ECe. In equation form, 
the procedure is:  
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Where Ya Actual crop yield 
 Ym  maximum expected crop yield when ECe < ECe threshold 
 ECe mean electrical conductivity of the saturation extract for 

the root zone [dS m-1] 
 ECe threshold electrical conductivity of the saturation extract at the 

threshold of ECe when crop yield first reduces below Ym 
[dS m-1]  

 b reduction in yield per increase in ECe [%/(dS m-1)] 
where ECe > ECe threshold  

 

9.7 Yield-moisture stress relationship 

A simple, linear crop-water production function was introduced in the FAO Irrigation 
and Drainage Paper No. 33 (Doorenbos et al., 1986) to predict the reduction in crop 
yield when crop stress was caused by a shortage of soil water:  
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 (28) 

Where Ky a yield response factor [-] 
 ETc adj adjusted (actual) crop evapotranspiration [mm d-1] 
 ETc crop evapotranspiration for standard conditions (no 

water stress) [mm d-1] 
 
Ky is a factor that describes the reduction in relative yield according to the reduction in 
ETc caused by soil water shortage. In FAO No. 33, Ky values are crop specific and may 
vary over the growing season. In general, the decrease in yield due to water deficit 
during the vegetative and ripening period is relatively small, while during the flowering 
and yield formation periods it will be large. Values for Ky for individual growth periods 
and for the complete growing season have been included in the FAO Irrigation and 
Drainage Paper No. 33.   
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Figure 9-3 The effect of soil salinity on the water stress coefficient (Allen et al., 

1998) 

9.7.1 Limitations  

Because the impact of salinity on plant growth and yield and on crop evapotranspiration 
is a time-integrated process, generally only the seasonal value for Ky is used to predict 
reduction in evapotranspiration. For crops where Ky is unknown, the user may use  
Ky = 1 in equations (27) and (28) or may select the Ky for a crop type that has similar 
behaviour. 
  
equations  (27) and (28) are suggested as only approximate estimates of salinity impacts 
on ET, and represent general effects of salinity on evapotranspiration as occurring over 
an extended period of time (as measured in weeks or months). These equations are not 
expected to be accurate for predicting ETc for specific days. Nor do they include other 
complicating effects such as specific ion toxicity. Application of equations (27) and (28) 
presumes that the ECe represents the average ECe for the root zone.  
 
The equations presented may not be valid at high salinity, where the linear relationships 
between ECe, crop yield and Ks may not hold. The use of equations (27) and (28) should 
usually be restricted to ECe < ECthreshold + 50/b. In addition, the equations predict Ya = 0 
before Ks = 0 when Ky > 1 and vice versa.  
 
As indicated earlier, reduction in ETc in the presence of soil salinity is often partially 
caused by reduced plant size and fraction of ground cover. These effects are largely 
included in the coefficient values in table 23 in (Allen et al., 1998).  Therefore, where 
plant growth is affected by salinity and equations (27) and (28) are applied, no other 
reductions in Kc are required, for example using LAI or fraction of ground cover.  

9.7.2 Application 

Under steady state conditions, the value for ECe can be predicted as a function of EC of 
the irrigation water (ECiw) and the leaching fraction, using a standard leaching formula.  
For example, the FAO-29 leaching formula LR = ECiw / (5 ECe – ECiw) predicts the 
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leaching requirement when approximately a 40-30-20-10 percent water extraction 
occurs from the upper to the lower quarters of the root zone prior to irrigation.  ECiw is 
the electrical conductivity of the irrigation water.  From this equation, ECe is estimated 
as: 
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e
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  (29) 

Where LF, the actual leaching fraction, is used in place of LR, the leaching requirement.  
Equation (29) predicts ECe = 1.5 ECiw under conditions where a 15-20 percent leaching 
fraction is employed.  Other leaching fraction equations can be used in place of the 
FAO-29 equation to fit local characteristics.  Equation (29) is only true if the irrigation 
water quality and the leaching fraction are constant over the growing season.  Time is 
required to attain a salt equilibrium in the soil.  If there are important winter rains of 
high quality water and often excellent leaching, the salt balance in the soil will be 
different at the beginning of the season and with a lower average ECe of the root zone 
than would be predicted from equation (29).  An appropriate local calibration of 
equation (29) is desirable under these particular conditions. 
 
Forces acting on the soil water decrease its potential energy and make it less available 
for plant root extraction.  When the soil is wet, the water has a high potential energy, is 
released relatively free to move and is easily taken up by the plant roots.  In dry soils, 
the water has a low potential energy and is strongly bound by capillary and adsorptive 
forces to the soil matrix, and is less easily extracted by the crop (Allen et al., 1998).  
 
When the potential energy of the soil water drops below a threshold value, the crop is 
said to be water stressed.  The effects of soil water stress are described by multiplying 
the basal crop coefficient by the water stress coefficient Ks (Allen et al., 1998): 
 0( )cadj s cb eET K K K ET   (30) 

Ks describe the effect of water stress on crop transpiration.  For soil water limiting 
conditions, Ks < 1.  Where there is no soil water stress, Ks = 1 (Allen et al., 1998). 
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CHAPTER 10 
IRRIGATION SYSTEMS  

10.1 The irrigation system data table 

Irrigation systems and their respective default efficiencies were hard coded into the 
previous version of SAPWAT.  In SAPWAT3 this data is placed in a data table that is 
used as a lookup table by the program.   This gives the user the ability to add, edit or 
delete data or to adapt values to suit local conditions.   
 
Table 10-1 shows the irrigation systems and their efficiencies as included in 
SAPWAT3.  
 

Table 10-1 Irrigation systems and efficiencies included in SAPWAT3 
System Application efficiency (%) Distribution uniformity (%)
Centre pivot                              80 100 
Drip 95 100 
Flood: basin                              75 100 
Flood: border                             50 100 
Flood: furrow                            55 100 
Linear 85 100 
Micro spray                               90 100 
Micro sprinkler                          85 100 
Sprinkler: big gun                     70 100 
Sprinkler: boom                        75 100 
Sprinkler: dragline                    75 100 
Sprinkler: hop-along                 75 100 
Sprinkler: permanent                 85 100 
Sprinkler: quick-coupling         75 100 
Sprinkler: side roll                     75 100 
Sprinkler: travelling boom        80 100 
Sprinkler: travelling gun           75 100 
Subsurface 95 100 
Sprinkler: permanent (floppy)   85 100 
 

In an unpublished report on Deliverable 3 of WRC Project K5/1482/4, “Standards and 
guidelines for improved efficiency of irrigation water use from dam wall release to root 
zone application”, the following definitions are given for application efficiency (AE) 
and for distribution uniformity (DU).  The definition of DU changes slightly, depending 
on the irrigation system.  The definitions given in this report are: 
 

AE average depth of irrigation water contributing to target 
as a percentage of average depth of irrigation water 
applied.  

DUlq average application of the lowest 25% as a percentage 
of the average application of the total system. 
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 Where: DUlq refers to the 25% of area that gets less 

than the average irrigation. 
It is recommended that DU be set to 100% for planning purposes.  The inclusion of a 
DU value should only be applied when evaluating application efficiency and when the 
relevant data is available. 

10.1.1 On-farm water distribution 

On farm distribution systems are defined as the distribution from water source, which 
could be the off-take from a bigger distribution canal or a borehole or a pump out of a 
river, to field edge.  The irrigation system itself is assumed to be that system which 
distributes water on the field, with the field edge as the assumed boundary.  
 
No default efficiency values for on-farm water distribution systems could be found, 
therefore the project team decided to accept the values as shown in Table 10-2 as 
default values for the time being.  The same values are also accepted as default values 
for distribution efficiencies for higher level distribution systems, i.e. at sub Water User 
Association level (sub WUA), at Water User Association level (WUA) and at Water 
Management Area (WMA) level. These values are included in SAPWAT3 as default 
values. 
 

Table 10-2 Distribution system efficiencies 
Distribution system Farm ) Sub WUA WUA WMA 
 % % % % 
Piped supply 100 100 100 100 
Lined sump 95 95 95 95 
Unlined sump 90 90 90 90 
Lined dam, lined canals 90 90 90 90 
Lined dam, unlined canals 85 85 85 85 
Unlined dam, lined canals 80 80 80 80 
Unlined dam, unlined canals 75 75 75 75 
Lined canals 95 95 95 95 
Unlined canals 85 85 85 85 
Dam, river 75 75 75 75 

 
The inclusion of DU in the table of irrigation systems and the potential inclusion of that 
value as potential part of an irrigation system evaluation is based on the knowledge that 
on a small-scale, water distribution in a field under irrigation is not equal.  Due to 
micro-topography differences some water moves sideways on the soil surface, or small 
pockets of soil have a different infiltration rate than adjoining pockets of soil.  Based on 
Li (1998), it is expected that under sprinkler irrigation about 50% of an irrigated area 
would get slightly more and 50% slightly less than the required amount of water.  The 
crop on the areas that get slightly less water would have a smaller yield than the 
average.  The approach is that the area that gets less water than required should be 
reduced from the expected 50% to about 25% to ensure optimum production, as can be 
seen in Figure 10-1 where Y = yield, Ym = potential yield, HG = gross irrigation depth, 
HR = required irrigation depth and CU = Christiansen’s uniformity coefficient. 



98 
 

 

Figure 10-1: Relative yield Y/Ym as a function of HG/HR under different values 
for a cumulative sensitivity factor (Li, 1998) 

This ratio can be even better illustrated with Figure 10-2 where HR = required depth, HG 
= gross depth, Hmax = maximum depth, Hmin = minimum depth, xi = fraction of the total 
area receiving more than the required depth. 

 

 

Figure 10-2: Frequency distribution of irrigation depths in the field assuming a 
uniform distribution (Li, 1998) 

However, there is also a warning related to this where Li (1998) states: “The results 
from this work and other researchers demonstrate that the sprinkler water is more 
uniformly distributed within the root zone than that measured on the surface.  Further 
research is obviously necessary to develop a quantified relationship between the 
uniformity of soil water content and the uniformity of sprinkler water application, and 
to add this quantified relationship to the crop water production function.  Optimal 
sprinkler irrigation uniformity should be determined by considering crop yield, deep 
percolation, and initial sprinkler irrigation cost.” 
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CHAPTER 11 
ENTERPRISE BUDGETS  

11.1 Introduction 

The need for the inclusion of an economic analysis module in SAPWAT3 to enhance its 
capability as a planning tool, has been expressed by more and more users recently as the 
conviction grew amongst some of the users that planning irrigation water use without 
considering the economic impact, does not give enough of a picture to base future 
panning for crop production on. 
 
It was therefore decided to expand the capability of SAPWAT3 as a planning tool by 
including a COMBUD-type analyses calculator in the program.  Inclusion of such a 
facility will be such that the user who does not want to do an economic analysis, would 
still be able to do the irrigation requirement calculation with the same ease to which he 
has become accustomed to in the present version of SAPWAT.  The user, who wants to 
make use of this capability, can do the necessary analyses and store the results in the 
irrigation requirement table for future use.   
 
Three levels of data-input are provided for.  At the lowest level provision is made for 
those users who only have a general idea of total income and expenditure.  In this case 
the only required input is total expected income and total expected variable cost.  The 
other end of the input-level is for those users who have a complete breakdown of every 
item of input.  The middle level provide for an in-between situation, e.g. the user knows 
what his expected cost for fertiliser will be, but does not know what the cost of each of 
the fertiliser components will be. 
 
The introduction of enterprise budgets as part of the irrigation water requirement 
planning process, adds an alternative option that can influence decision-making.  This 
facility, with the added function of calculating income per unit water, as well as the 
more usual income per unit land as efficiency measures, adds value to the irrigation 
water requirement planning.  The irrigator can now build a picture of what the results of 
his decision would be, not only on total water use, but on his expected income as well.  
Enterprise budgets give a value as a point in time; they are not a continuous function 
that could predict cash-flow over time.  However, they could be very good indicators for 
choosing profitable crops. 
 
 It is unfortunately so that, in the past, the estimation of irrigation water requirement has 
been seen in isolation from the economic side.  To counter this trend and to provide 
such a facility for the many users of SAPWAT who asked for it, SAPWAT3 now 
contains an enterprise budget module that is linked to the water requirement table. By 
changing input data, such as the area of a crop or irrigation strategies through a process 
of “what-iffing”, the user can now select not only the cropping system with an optimum 
potential water use, but can select an optimum combination of water use and gross 
margin for his situation. 
 
Incorporating gross margin calculations in SAPWAT3 may seem straightforward. 
However, some major changes to the previous version of SAPWAT are necessary to 
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provide an interactive planning model with gross margin calculations. The old version 
of SAPWAT only showed the results of one analysis at a time. Although the model 
provides the flexibility to change irrigation schedules and view the results quickly, no 
functionality was provided to save different scenarios and to compare these scenarios. 
Apart from irrigation timing and amounts of irrigation, irrigation planning typically 
involves the decisions on which crop to plant, how many hectares to plant, which soils 
to plant and which irrigation technology to use. Thus, irrigation planning is mainly 
concerned with reconciling resource availability with use, while trying to maximise 
profits. It is important to note that the newly developed SAPWAT3 is not an 
optimisation model. Rather it allows the user to explore the impact of alternative 
management strategies on resource use and profitability in order to facilitate decision-
making. The emphasis is therefore on the user learning about his situation while 
describing what he sees.  To enhance the learning potential of SAPWAT3, user 
interactivity has been kept as high as practical and a “best answer, black box-like” 
response by the computer program has been shunned. 
 
To facilitate the programming of the new developments in the dBase programming 
language in which SAPWAT3 is developed, an Excel model was developed as a guide 
for the SAPWAT3 programmer.  The Excel spread sheet model served as the basis to 
demonstrate the links between resource availability, enterprise budgets and alternative 
management options.  

11.2  Development of spread sheet model to demonstrate the 
incorporation of gross margin calculations in SAPWAT3 

To facilitate the programming of an interactive planning model, it was decided to 
develop a simple spread sheet model to demonstrate the linkages between resource use, 
availability and gross margin calculations. In general the concepts of activity analysis 
described in Rae (1994) are used to guide the development of the spread sheet model. 
 
Since SAPWAT3 was developed with the main objective to calculate irrigation 
requirements, the model does not relate to a specific farm situation. Before linking 
economics to the module, it is important to know the fixed resources of the situation for 
which the irrigation planning is done. Fixed resources are defined as those resources 
that are fixed in the short term (production season). The user is required to specify the 
area of an irrigation system on a specific soil as well as the irrigation capacities of each 
of the systems. These inputs will not change over the production season or even the 
medium term. Once the fixed situation is captured the user is allowed to explore 
alternative management options. A management option is defined as the utilisation of a 
specific fixed resource combination (soil, irrigation system, capacity) with a specific 
crop irrigated with a specific irrigation management strategy. For each of these 
management options, the amount of water and area of the fixed resource combination is 
determined. These values are then compared with system capacities and resource 
availability to generate tables on resource use necessary to aid decision support. 
 
The layout of the model is given in Table 11-1 to Table 11-6 below. 
 
Emphasis was placed on simplicity and minimum input requirements: Soils, irrigation 
system capacity, water quota and conveyance capacities were identified as the major 
resource availabilities that should be accounted for. Table 11-1 to Table 11-3 provide 
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for the data input of these variables. Important to note is that it is not the area of a 
specific soil that is important, but the soil irrigation system combination. Table 11-3 
may also be used to specify water availability in e.g. monthly river flow. 
 
Enterprise budgets are used as the basis to compare the profitability of alternative 
management systems (Boehlje and Eidman, 1984). Thus, information is needed with 
regard to enterprise budgets of the alternative that are being compared. A detailed crop 
enterprise budget is shown in Table 11-7. However, the user is allowed to enter a 
summary of the information contained in the enterprise budget to work the Excel model. 
An enterprise budget is comprised of different sections. Typically, gross margins are 
calculated by subtracting all direct allocatable cost (operating cost) from the gross 
income generated. Meiring (1993) differentiates between area dependant, yield 
dependant and other operating cost where irrigation cost is part of other operating costs. 
The same differentiation is used in this research. Yield dependant costs are separated in 
order to calculate the reduction in cost if less than the required amount of water is 
irrigated and crop yield is reduced. As a result, the user has to input irrigation cost. The 
link between crop yield and consumptively used water is modelled with a relative 
evapotranspiration formula. In the next section the calculation of crop yield under water 
deficit situations are described.  
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Table 11-7 Wheat Centre Pivot 
WHEAT CENTRE PIVOT     

Item Unit 
Price per 
Unit 

Quantity 
Value per 
ha 

Gross Income:     
*Wheat ton 1200 6.5 7800.00 
Total     7800.00 
Operating Costs: Area Dependant     

Seed kg 6.36 100 636.00 
7:2:3(31) + Zn kg 2.49 500 1245.00 
KAN (28) kg 1.67 350 584.50 
Omniboost kg 12.98 5 64.90 
K P Max litre 7.70 1 7.70 
10:1:6(20) liquid kg 1.53 190 290.70 
Buctril DS litre 145.00 1 145.00 
MCPA  litre 51.00 0.5 25.50 
Metasystox litre 117.00 0.5 58.50 
Parathion litre 92.00 0.65 59.80 
Granate EC litre 193.68 0.7 135.58 
Crop dusting ha 95.00 2 190.00 
Total     3443.18 
Operating Costs: Yield Dependant     

Contract Harvesting    715.00 
Contract Transport    114.00 
Total     829.00 
Operating Costs: Other     
*Irrigation mm.ha 1.61 585 941.85 
Fuel l 2.70 91.2 364.80 
Reparations R 2.70 10% of 

fuel 
36.48 

Lubricant R 2.70 2% of 
fuel 

7.30 

Insurance R 575.25 5.9% 575.25 
Labour mandays 43.20 0.98 42.34 
Interest R 279.04 1 279.04 
Total    2274.05 
^Total Operating Costs     4635.53 
^Gross Margin     1280.77 
 
Once the above information is provided, the user is allowed to evaluate the impact of 
alternative management options. A database of irrigation water requirements are 
generated with SAPWAT3 based on soil, irrigation system and irrigation schedule. The 
database is linked to the fixed resources of the farm and the economic parameters to 
determine the impact of alternative scenarios on key output variables to aid decision-
making. A summary of the database generated with SAPWAT3 is provided in  
Table 11-5. 
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The next step is to provide the model with a combination of alternatives from the 
established database that you want to evaluate. The first part of Table 11-6 is used to 
specify these scenarios in terms of quantity of a specific crop grown under a specific 
soil irrigation system combination. These inputs are used to lookup appropriate values 
on economic parameters and crop water use to calculate output tables such as those 
portrayed in the latter part of  Table 11-6. More specifically the results show the 
contribution of each crop to the total gross margin of the scenario that is evaluated. An 
indication of the crop yield is also given since irrigation schedules with low water 
application rates may result in lower crop yield. The last part of Table 11-6 provides 
information on total water use in order to determine whether conveyance capacities 
(water availability) are not exceeded.  
 
The spread sheet model proved very useful to conceptualise the links between resource 
availability, enterprise budgets and alternative management options.  
 

11.3 Calculation of crop yield 

No crop yield information is included in the previous versions of 
SAPWAT/PLANWAT. In SAPWAT3 this shortcoming is provided for by the addition 
of expected yield figures as part of the crop data tables.  However, calculations are done 
to determine the possible percentage yield loss in each of the FAO crop growth stages. 
These calculations of evapotranspiration deficits may be used with relative 
evapotranspiration formulae to calculate the impact of alternative management options 
on crop yield and the expected gross income in standard enterprise budget calculations.  
 
The following is an example of the Stewart multiplicative evapotranspiration formulae 
to calculate crop yield.  Crop yield was calculated through the use of crop yield 
response factors (ky) which relates relative yield decrease (1-Ya/Ym) to relative 
evapotranspiration deficit (1-ETa/ETm). More specifically the Stewart multiplicative 
(De Jager, 1994) relative evapotranspiration formula was used to calculate crop yield 
taking the effect of water deficits in different crop growth stages into account:  

4
1

1

1

1 1

m

tg
t

g m
g

tg
t

ETa
Ya Ym ky

ETm







   
   
      
   
      





       (31) 

 
 
where:Ya  actual crop yield (ton/ha) 
Ym  maximum potential crop yield (ton/ha) 
ETa  actual evapotranspiration (mm.ha) 
ETm  maximum potential evapotranspiration (mm.ha) 
ky  crop yield response factor 
g  growth stages 
m  length of crop growth stage in days 
  
The values of ETa and ETm are estimated with the procedures incorporated in 
SAPWAT3 and are therefore dependent on the irrigation strategy used. Table 11-8 
shows crop yield loss response factors as obtained from Doorenbos et al., (1986). 
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Table 11-8: Yield response factor (Doorenbos and Kassam, 1986) 
Crop Vegetative period Flowering 

period 
Yield 
formation

Ripening Total 
growing 
period 

Early Late Total 

Banana       1.2-1.35
Beans   0.2 1.1 0.75 0.2 1.15 
Cabbage 0.2    0.45 0.6 0.95 
Citrus       0.8-1.1 
Cotton   0.2 0.5  0.25 0.85 
Grapes       0.85 
Groundnuts   0.2 0.8 0.6 0.2 0.7 
Lucerne   0.7-1.1    0.7-1.1 
Maize   0.4 1.5 0.5 0.2 1.25 
Onion   0.45  0.8 0.3 1.1 
Peas 0.2   0.9 0.7 0.2 1.15 
Pepper       1.1 
Potato 0.45 0.8   0.7 0.2 1.1 
Safflower  0.3  0.55 0.6  0.8 
Sorghum   0.2 0.55 0.45 0.2 0.9 
Soybeans   0.2 0.8 1  0.85 
Sugar beet 
Beet 
Sugar 

       
0.6-1.0 
0.7-1.1 

Sugarcane   0.75  0.5 0.1 1.2 
Sunflower 0.25 0.5  1.0 0.8  0.95 
Tobacco 0.2 1.0   0.5 0.5 0.9 
Tomatoes   0.4 1.1 0.8 0.4 1.05 
Water 
melon 

0.45 0.7  0.8 0.8 0.3 1.1 

Wheat 
Spring 

   
0.2 

 
0.65 

 
0.55 

  
1.15 

 
In the next section progress with respect to the programming of the Excel model in 
dBase programming language is reported. 
 

11.4 Application in SAPWAT3 

The economic module of SAPWAT3 is based on the construction of enterprise budgets 
and the application of activity analyses. However, the activity levels are not optimised. 
Rather, the user is given an indication of the activity levels that needs to be adjusted to 
improve the overall profitability of the farm plan given the availability of his most 
limiting resource. The activities consist of alternative crops grown in a specific Water 
User Association area (WUA) or on a farm with a given irrigation schedule. Resource 
availabilities that are considered are water, land, labour and production capital as well 
as water distribution capacities. 
 
Enterprise budgets are constructed for a specific crop with a given yield expectation. 
Cultivation and management practices are done so as to achieve the yield expectation. 
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SAPWAT3 gives an estimate of the crop yield expectation associated with a given 
irrigation management strategy. Enterprise budgets needs to be constructed for each 
alternative.  Three different levels of complexity are included in the enterprise budgets 
to cater for users with different levels of available information. Table 1 gives an 
example of a detailed enterprise budget for wheat under centre pivot irrigation. The 
main categories of the enterprise budget are the gross income, area dependant operating 
cost, yield dependant operating cost and other operating cost. The costs are subtracted 
from the gross income to calculate the gross margin. In its most complex form the user 
will be allowed to generate a detailed enterprise budget based on calculation entities 
developed by Meiring (1994) as IRRICOST. The possibility to simplify IRRICOST 
procedures to calculate irrigation cost will be investigated. In its simplest form the user 
has to supply the module with sum totals for the main categories used. 
 
The information from the enterprise budgets is carried forward to a module to conduct 
activity analysis. The main objective of the activity analysis is to calculate the total 
gross margin of all the planned activity levels within the bounds of the available 
resources. In cases where resource availabilities are not specified the module calculates 
resource use to aid decision support. Procedures were developed to identify activities 
that should be increased to improve the total gross margin of the combined activity 
levels. 
 
The economic model was developed in Excel© and was then programmed to form part 
of SAPWAT3.  
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Table 11-9: Example of a detailed enterprise budget for wheat under pivot 
irrigation 

WHEAT CENTRE PIVOT     
Item Unit Price per Quantity Value 

Unit   per ha 
Gross Income: (d)     
Wheat ton 1200.00 6.50 7800.00
Total       7800.00
Operating Costs: Area Dependant 
(a) 

    

Seed kg 6.36 100.00 636.00 
7:2:3 (31) + Zn kg 2.49 500.00 1245.00
KAN (28) kg 1.67 350.00 584.50 
Omniboost kg 12.98 5.00 64.90 
K P Max litre 7.70 1.00 7.70 
10:1:6 (20) liquid kg 1.53 190.00 290.70 
Buctril DS litre 145.00 1.00 145.00 
MCPA litre 51.00 0.50 25.50 
Metasystox litre 117.00 0.50 58.50 
Parathion litre 92.00 0.65 59.80 
Granate EC litre 193.68 0.70 135.58 
Crop dusting ha 95.00 2.00 190.00 
Total       3443.18
Operating Costs: Yield Dependant 
(b) 

    

Contract Harvesting ton 110.00 6.50 715.00 
Contract Transport (10km) ton.km 1.75 65.00 114.00 
Total       829.00 
Operating Costs: Other (c)     
*Irrigation mm.ha 1.61 550.00 885.00 
Fuel l 2.70 91.20 364.80 
Reparations R 2.70 10% of fuel 36.48 
Lubricant R 2.70 2% of fuel 7.30 
Insurance R 575.25 5.9% 575.25 
Labour man 

days 
43.20 0.98 42.34 

Interest R 279.04 1.00 279.04 
Total    1305.20
Total Operating Costs (a+b+c)       5577.38
Gross Margin (d-a-b-c)       2222.62

 

11.4.1 Data organisation 

Income data table is a single level table relationally linked to a gross margin table.  On 
the cost side, three tables are relationally linked to allow the user to input data at 
different levels of detail, as well as to differentiate between costs that are area bound 
and those that are yield bound.  No data is included in SAPWAT3, because of the 
volatility of product prices, but the user has full control over his inputs. 



110 
 

CHAPTER 12 
WATER HARVESTING 

12.1 Theoretical overview 

12.1.1 Introduction 

Water is one of the most essential requirements for the existence of living beings. 
However, as reported by several researchers (Southface, 2002; Coelho and Reddy, 2004 
and Metro-water, 2005), urban areas are experiencing a decline of fresh water 
availability due to global climate change, population growth, urbanization, 
industrialization, pollution, lack of good governance and corruption. In many areas of 
the world, owing to the increase of population number in urban areas, conventional 
water supply systems have failed to meet the needs of the people (DTU, 1999). On the 
other hand, studies have shown that whilst all water is treated in urban areas to drinking 
water standards, as little as 1% of domestic water consumption is actually used for 
drinking and about 85% of bulk domestic water consumption goes to toilet flushing, 
laundry, and outdoor uses (Coombes, 2004). Investment in large scale and modern 
water supply schemes in rural areas also remains a challenge due to unique and 
scattered settlement patterns in most developing countries (Alem, 1999). The potential 
for new large-scale water resource development in developing countries is declining due 
to financial constraints, which leads to a growing interest in improving household water 
availability through the development of small-scale water sources (Ariyabandu, 2003). 
 
Reviving the traditional practices of the water harvesting system using scientific 
methods is a potential option for the looming water crisis (Alem, 1999; Metro-water, 
2005). Roof water harvesting is an ancient technique for collecting and storing 
rainwater during the rainy season for later use (Finkel and Michael, 1995; cited by 
Alem, 1999; DTU, 1999; Gould and Nissen-Petersen, 1999; GDRC, 2005; Metro-water, 
2005).  Archaeological evidence verifies that the practice of rainwater harvesting goes 
back as far as 4000 years ago (DTU, 1999; Gould and Nissen-Petersen, 1999). Even 
nowadays, in many African countries, placing a small container under a roof to collect 
falling water during a rainy season is common practice (DTU, 1999).  
 
Rainwater harvesting is best known and practiced in the semi-arid areas where annual 
rainfall is in the range of between 400 and 600 mm (Alem, 1999). In arid and semi-arid 
regions, where precipitation is low or infrequent during the dry season, it is necessary to 
store the maximum amount of rainwater during the wet season, especially for 
agricultural and domestic water supply (OAS, 1997). The use of harvested rainwater for 
sanitary and drinking purpose is also a simple and cost effective way to meet the ever-
increasing water demand in urban areas (Metro-water, 2005). Rainwater is valued for its 
purity and softness for human consumption, as well as for irrigation purposes (Gould 
and Nissen-Petersen, 1999). Furthermore, if maintenance of the rainwater harvesting 
system is undertaken regularly, it will ensure an effective long-term system operation 
(Sutherland and Fenn, 2000; Southface, 2002). Water storage tanks can be used for fish 
farming and the nutrient rich water from these tanks may even support sustainable 
agriculture by reducing the use of inorganic fertilizers (Rajesh et al., 2003). 
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Since traditional water supply technologies have been able to meet the needs of local 
populations for many centuries, the rainwater harvesting system is one of the options to 
ensure sustainability (Alem, 1999; Gould and Nissen-Petersen, 1999). Within the realm 
of credibility that it is likely to face water scarcity in the near future, the direct 
exploitation of rainwater as a source should not be ignored (Postel, 1992). Hence, it is 
necessary to take up measures to conserve and intensify the development of renewable 
water resources with all possible means at local and regional scale. 

12.1.2 Domestic rainwater harvesting technology  

The technology of domestic rainwater harvesting (DRWH) includes three main 
components: the catchment surface, the delivery system and a storage facility 
(Ariyabandu, 2003; Smet, 2003). Other possible components are filters or ‘first-flush’ 
diverters to reduce the quantity of debris entering the tank and other inlet and outlet 
devices to manage the water quality (Ariyabandu, 2003). As reported by Turner (2000) 
and DTU (2001b), the DRWH system reduces water-carrying time from point sources 
and increase household water consumption, which was previously constrained by the 
effort of collection. Other benefits of DRWH include reduction of soil erosion 
(especially in the hilly areas), and reduced amount of valuable energy inputs compared 
to the centralized water supply system.  
 
The design of a DRWH should take three considerations into account, namely social 
assessment, technical assessment and water demand assessment (Hailu and Merga; 
2002). The social assessment includes the studying of the DRWH practices in the 
community, the opinion of the community on the use of the DRWH system and how 
much the households can afford to spend on a DRWH system. The technical assessment 
studies rainfall data, existing water sources, availability of construction materials and 
type, as well as size of potential harvesting surface areas. The water demand assessment 
investigates the available water supply throughout the dry season. This study does not 
include a social assessment of the DRWH system in the study area. 

12.1.3 Catchment surface 

The most common catchment surfaces for rainwater harvesting are the roofs of 
dwellings, courtyards, threshing areas, paved walking areas, plastic sheeting and trees 
(Ariyabandu, 2003). The roof of a building or a house is the first choice as catchment to 
harvest rainfall, although an open-sided barn can add additional capacity (Qiang and 
Yuanhong, 1999; Waskom, 2004; TWDB, 2005). The roof can be made of sheets of 
corrugated iron (CI), asbestos, or tiles of a wide variety, slate (thin layer of rock), and 
thatch that may be made of variety of organic materials (DTU, 1999). Water quality 
from different roof catchments is a result of the type of roof material, climatic 
conditions, and the environment (Vasudevan, 2002; cited by TWDB, 2005). Water 
collected from crude thatch would be coloured and turbid (Ariyabandu, 2003). Thatched 
roofs collection should be used only when no alternatives are available (Hailu and 
Merga, 2002).  
 
Natural soil, the threshing yard and roads have low efficiency in collecting rainwater 
(Qiang and Yuanhong, 1999). As reported by Smet (2003) and Waterfall (2004), paved 
catchments commonly have an overall run-off coefficient of 80%. The run-off 
coefficient for cement tiles is about 75%, while clay tiles usually collect less and has a 
run-off coefficient of 50%, depending on its production method. Plastic and metal 
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sheets do best with an efficiency of 80-90%. According to DTU (2001b), 90% or more 
of the rainwater collected on a CI roof will be drained to the storage tank if the gutter 
and down pipe system is properly fitted and maintained. The run-off coefficients for 
various catchment surfaces, as reported by different researchers, are given in Table 
12-1. 
 

Table 12-1 Run-off coefficients for various catchment surfaces 
TYPE OF CATCHMENT Pacey and Cullis (1989; cited by 

Bhattacharya and Rane, 2003) 
DTU (2001b) 

Roof catchments  
Tiles 
Corrugated iron sheets 
Thatched roof  
Asbestos sheet 

0.8-0.9 
0.7-0.9 
- 
- 

0.6-0.9 
>0.9 
0.2 
0.8-0.9 

Ground surface coverings  
Concrete  
Brick pavements 

0.6-0.8 
0.5-0.6 

- 

Untreated ground catchments  
Soil on slopes less than 10 
percent 
Rocky natural catchments 
Green area 

0.0-0.3 
 
0.2-0.5 
0.05-0.10 

- 

 
The efficiency of a roof catchment may be affected by the following factors (TWDB, 
2005): 
 
The slope of the roof; 
Intensity of rainfall; 
Capacity of portion of the gutter which lies around the valley; 
Inadequate number of downspouts may also result in overrunning of gutters; 
Excessively long roof distances from ridge to eave; and  
Inadequate gutter maintenance.  
 
The typical components of which a DRWH system consists of are shown in  
Figure 12-1. 
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Figure 12-1 Typical rainwater harvesting system components (DTU, 1999) 

12.1.4 Gutters 

Gutters are part of the DRWH system that captures the rain falling on the roof and 
transfers it to the storage tank (Rees et al., 2000; Still and Thomas, 2002). There is a 
wide variety of shapes and forms of gutters ranging from factory made PVC pipes to 
traditional bamboo pipes or canvas and folded metals (Morgan, 1998; Rees et al., 2000). 
The most common materials used for gutters and downspouts are half-round PVC pipes, 
vinyl, seamless aluminium, and galvanized steel (TWDB, 2005). An ideal, gutter should 
be cheap to produce, efficient in capturing runoff water, easy to align and install, 
resistant to damage and simple to clean (Still and Thomas, 2002). Since the slightly 
acidic quality of rainwater could dissolve lead and thus contaminate the water, lead 
must not be used as gutter solders (DTU, 2001b). Low-cost gutter can also be made 
from a waterproof canvas (Morgan, 1998). Canvas material is the most suitable, being 
waterproof and resistant to degradation by the sun and thus has a longer life span than 
ordinary plastic sheeting (Morgan, 1998). Temporary gutters made of banana stems, 
aricunut trees, tin sheets and bamboo are also used in rural households of Sri Lanka 
(Lanka Rainwater Harvesting Forum, 2001). According to Still and Thomas (2002), if 
the design of gutters for CI roofs is adequate, it will be adequate for all other roof types.  
 
Even though intense rainfall requires guttering to hold relatively high flow capacities, u-
shape (70 mm) or trapezoidal shape gutters are sufficient for most house roofs (Still and 
Thomas, 2002). Trapezoidal, semicircular and V-shaped gutters give similar economic 
performance in intercepting and conveying roof run-off water. Therefore the decision 
which to use can be made on the basis of ease of manufacture or its self-cleaning 
properties (Still and Thomas, 2002). V-shapes become blocked rather frequently and 
rectangular gutters do not make efficient use of material (Still and Thomas, 2002). A 
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trapezoidal or semi-circular shape gutter correctly sized for a roof slope of 22º will also 
be good for common roof slopes from 15º to over 30º, thus it is not necessary to know 
the roof slope when designing gutters (Still and Thomas, 2002). Other components, in 
addition to the horizontal gutters, are the drop outlet, at least two 45-degree elbows and 
brackets and straps to fasten the gutters and downspouts to the fascia and the wall 
(TWBD, 2005). Water leaving the roof may be collected at the edge or as directed jets, 
which in turn affects the interception of run-off. Other factors which may affect 
interception includes rainfall intensity, wind strength, gutter backing (fascia board), roof 
type, roof length, roof area, roof slope, excessively long roof distances from ridge to 
eave, concentrated flow from roof valley, straightness of the roof edge, the roof 
environment such as overhanging trees and inadequate gutter maintenance (Still and 
Thomas, 2002; TWDB, 2005). According to Still and Thomas (2002), the size of the 
gutter which is the most economic is the one that overflows when rainfall intensities 
reaches about 2 mm/min. This suggests that intensities up to 2 mm/min require a gutter 
aperture width of 100 mm outwards from the roof edge.  

12.1.5 Down pipes  

Down pipes of 40 mm internal diameter is sufficient if gutters are designed for a rainfall 
intensity of 2 mm/min. This is much smaller than the sizes commonly used in DRWH 
systems practice, which, according to Still and Thomas (2002), are oversized. Even a 
large building of 400 m2 does not need a down pipe larger than 75 mm internal diameter 
(Still and Thomas, 2002), if downspouts are located at about every 6.10 m. along the 
gutter, instead of the more common 12.20 m. This ensures that during heavy rains the 
gutter will not overflow (Gelt, 2005). 

12.1.6 Water quality maintaining measures 

A domestic rainwater harvesting system must be designed with consideration of some 
water quality maintenance measures (Ariyabandu, 2003). These measures can be: first 
flush diverters, covering lids, meshes and rapid in-situ water testing methods that 
indicate the presence of biological contamination.  

12.1.6.1 Debris cleaning components 

Leaf screens, leaf guards, funnel-type downspout filters, strainer baskets and filter socks 
are used to prevent debris entering the storage tank so that the potable water would be 
clean and to avoid the clogging of irrigation emitters (TWDB, 2005). Leaf screens 
prevent leaves from entering the storage tank and hence ensure high quality water. Leaf 
guards or screens are usually 0.63 cm mesh screens in wire frames that fit along the 
length of the gutter. Leaf guards/screens are usually necessary only in locations where 
trees overhang roofs. The funnel-type downspout filter is made of PVC or galvanized 
steel fitted with a stainless steel or brass screen. This type of filter offers the advantage 
of easy accessibility for cleaning. The funnel is cut into the downspout pipe at the same 
height or slightly higher than the highest water level in the storage tank.  

12.1.6.2 First-flush diverters 

According to Waskom (2004) and Rees et al. (2000), first-flush devices ensure a certain 
degree of better water quality in harvested rainwater. The first several litres of run-off 
from a gutter, roof, or other surface are likely to contain various impurities such as bird 
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droppings and dust. A first-flush device prevents this initial flow from draining into the 
storage tank. While leaf screens remove the larger debris, such as leaves, twigs, and 
blooms that fall on the roof, first-flush diverters get rid of the smaller contaminants, 
such as dust, pollen, and bird and rodent faeces (Rees et al., 2000). The quantity of first 
flush that will be diverted will be determined by the amount and the nature of 
accumulated contaminants, intensity of the rain event, the slope and smoothness of the 
collection surface (TWDB, 2005). According to TWDB (2005), the recommended 
diversion of first flush diverter ranges from 3.78 to 7.56 litres for each 9.3 m2 of 
collection area. If a gutter receives the quantity of run-off that require multiple 
downspouts, first-flush diversion devices will be required for each downspout. The 
simplest example of a first flush diverter is shown in Figure 12-2. 
 

 

Figure 12-2 Standpipe first flush diverter (TWDB, 2005) 

12.1.7 Storage facilities 

The storage tank accounts for a large portion of the cost of a DRWH system (DTU, 
2001b; TWDB, 2005). The variables such as the amount of rainwater, the water 
demand, the projected length of dry spells without rain, the catchment surface area, 
aesthetics, personal preference and economy or available budget are some of the factors 
that determine the budget and therefore the size of the storage tank (TWDB, 2005; Rees 
et al., 2000). Ideally, the DRWH collection system should involve basic construction 
techniques, be inexpensive to maintain, and have a long functional life span (Pacey and 
Cullis, 1985; cited by Turner, 2000). If the system is designed well, it should provide a 
good, safe source of drinking water at a relatively low cost when compared to the 
centralized water supply system (DTU, 2001b). 
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Figure 12-3 Water storage jar 

Storage facilities such as mortar jars (Figure 12-3), ferro-cement jars, cylinders and 
cuboids of plastered brick, oil drums, corrugated iron cylinders, reinforced concrete 
tanks, or plastic drums for richer households, are commonly used in third world 
countries. Although the choice of tank construction material and storage size depends 
upon the available space, soil condition and economical factors, a storage tank should 
be of sufficient size, strong, impermeable, and durable and it should also have the 
ability to maintain water quality (DTU, 2001b; Ariyabandu, 2003). A potable water 
storage tank must satisfy the following conditions: It must be opaque so that algae 
growth is inhibited, it should be free from toxic substances, it should be covered to 
discourage mosquito breeding and it must be accessible for cleaning (TWDB, 2005).  
 
The construction of the tank may be above or below the ground surface, depending on 
the ease of construction and the decision made by the household (Turner, 2000). 
Aboveground storage are usually cheap; can be manufactured locally or can be 
purchased off the shelf; can be manufactured from a wide variety of materials and is 
easily constructed by using traditional materials. Furthermore, cracks or leakages are 
easily detected. On the other hand, a storage tank above the ground requires space; it 
must withstand different weather conditions and failure can be dangerous (Turner, 
2000). 
 
According to Turner (2000), underground water storage tanks or cisterns are generally 
cheaper to construct, they have the advantage of using the surrounding ground as 
support, thus reducing the thickness required for the walls of the tank and it does not 
occupy space above ground level. On the other hand, water extraction is more 
problematic and often requires a pump, leaks or failures are more difficult to detect, 
contamination from groundwater is more common, tree roots may damage the structure, 
and there is danger to children and small animals if a tank cover is left open. 



117 
 

Furthermore, flotation of the cistern may occur if the groundwater level is high and the 
cistern is empty. Heavy vehicles driving over the cistern may also damage it. 

12.1.7.1 Material for storage tanks  

Poor households can often not buy a tank as large as their roof catchment area might 
justify due to high cost and transportation difficulties (Turner, 2000; DTU, 2001b). 
Hence, as noted by DTU (2001b) and DTU (2002), the construction cost of the storage 
tank has to be reduced by reducing the material or by substituting for cheaper materials 
or even by making use of existing containers. Surface tanks are commonly made of 
brick, ferro-cement, concrete blocks, plastics, durable wood, mortared stones or 
galvanized iron (DTU, 2001a; Motherearthnews, 2005). Although it is difficult to 
construct a spherical (Ball-shaped) tank, this design gives the maximum storage volume 
relative to the materials used. Communities prefer cylindrical shaped tanks, as these are 
easy to build, using as a guide a vertical pipe placed at the centre of the tank. These 
tanks can be built using materials such as corrugated galvanized iron sheets, burnt 
bricks, concrete blocks, quarry blocks, ferro-cement or PVC.  

12.1.7.2 Sizing of storage tanks 

The biggest capital investment element of a DRWH system is the storage tank; therefore 
it requires accurate and careful design to provide optimal storage capacity while keeping 
the cost as low as possible (DTU, 1999). 
 
 The main calculation when designing a DRWH system will be to determine the correct 
size of the water tank to provide adequate storage capacity. Water demand varies widely 
with regard to household occupancy, social preferences and season (DTU, 1999; 
Thomas, 2002). The required storage is further determined by a number of interrelated 
factors, such as �local rainfall and weather patterns, catchment area, number of users 
and consumption rates (DTU, 1999). The amount of water for a rural community, which 
is considered as adequate, is estimated to be 25 litres of safe water per person per day 
(National Council for Science and the Environment, 1993; WHO, 1996; cited by 
Whitehead, 2001). The choice of method used to design system components will 
depend largely on the following factors (Turner, 2000): 
 
�The size and sophistication of the system and its components; 
�The availability of the tools required for using a particular method (e.g. computers); 
and 
�The skill and education levels of the practitioner/designer. 
 
Two different approaches to determine the sizes of a DRWH system’s components are 
as follows: 

12.1.7.2.1 Supply side approach 
In this method, the available rainwater is the decisive factor in determining the storage 
capacity. As noted by Turner (2000), in areas where there is uneven distribution of 
rainfall through the year, sufficient storage will be required to bridge the periods of 
scarcity. As storage is expensive, this calculation should be done carefully to avoid 
unnecessary expenses.  
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12.1.7.2.2 Demand side approach  
In this approach, the number of persons per household and their water consumption is 
the decisive factor in determining the size of the storage capacity. The demand side 
approach is a simple method of calculation as the largest storage requirement is based 
on the consumption rates and occupancy of the building. This method assumes adequate 
and sufficient catchment area and rainfall and therefore is only applicable in areas 
where rainfall is more than adequate (Turner, 2000). 
 
There are also computer models available that determine the size of a rainwater storage 
system. The computer models simulate a rainwater harvesting system that will reliably 
meet demands. It finds the minimum catchment area and the smallest possible storage 
tank that will meet the demand with a probability of 95%, in spite of the fluctuations in 
the rainfall (Turner, 2000). 

12.1.8 Low cost pumps  

To lift water from the cistern to ground level or from the above ground storage to the 
irrigation field, an affordable and low cost pump is essential to replace manual lifting 
and carrying of water (Kay and Brabben, 2000; Brabben, 2001). Many existing pumps 
are regarded as over-designed and too expensive to incorporate into a DRWH system 
(Whitehead, 2001). These pumps are difficult to maintain because of the high cost of 
spares, and the spares may be stocked some distance from the pump location 
(Whitehead, 2001). Pumps for use on small scale irrigation farms need to be 
manageable, durable, have high hydraulic efficiencies, sufficient lifting height, be easy 
to manufacture and maintain with minimum skills and equipment and tools must be 
available in most local hardware outlets and markets (Whitehead, 2001).  The labour-
intensive rope and bucket method of lifting water for irrigation is the major production 
barrier for vegetable farmers in Africa (EWW, 2005). Irrigation time can be decreased 
by about a third or up to four hours per day if the farmer uses a treadle pump, which 
will allow the farmer to work on double of the original garden size (Kedge, 2001; 
EWW, 2005). For this reason, the treadle pump is gaining favour throughout Africa for 
rainwater harvesting and the reuse of grey water (EWW, 2005). 

12.1.8.1 Treadle pump 

The treadle pump (TP) is a human powered water pump that can lift irrigation water 
from source to point of use (Patrick and Stephenson, 1990; DTU, 1991). A treadle pump 
is simple and convenient to install, suitable for irrigating 0.5 ha of land, easy foot 
operated, can extract water from 7 m depth, can lift it up to about 12 m head and is 
capable of pumping 5000 litres of water per hour (SES, 2003; AOV International, 2005; 
EWW, 2005). The treadle pump was invented in the late 1970s in Bangladesh. Since 
then, the technology has been disseminated in many parts of the world from South East 
Asia to West Africa (Chancellor and O’Neill, 2000). The TP has been adapted for use in 
irrigation, where much greater volumes of water are needed (Kay and Brabben, 2000; 
Bennet, 2002). This simple, human-powered device can be manufactured and 
maintained at low-cost in rural workshops, it is relatively easy to repair, spare parts are 
readily available and improvisation is possible for application in developing countries 
(Chancellor and O’Neill, 2000; Kay, 2001). The introduction of TP’s into Africa also 
served as a useful tool for the introduction of irrigation technologies such as sprinkler 
and drip irrigation. These technologies result in increased crop yields as well as an 
increase in the area of land which can be farmed productively (Kay, 2001).  
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The principle of the TP is based on suction lift using a cylinder and piston to draw water 
from a source below ground level. Two pistons are used, each connected to a treadle 
(DTU, 1991; Kay and Brabben, 2000). The operator stands on the treadles, pressing the 
pistons up and down in a rhythmic motion as shown in Figure 12-4. There are two types 
of treadle pumps, the suction pump and the pressure pump (Kay and Brabben, 2000). 
The suction pump was made in Bangladesh for farmers who needed to lift large 
quantities of water through heights of 1-2 m and discharge it into a canal for gravity 
irrigation (Kay, 2001). The pressure pump works exactly on the same principle, but the 
delivery ends were modified so that water could be fed into a pipe under pressure for 
sprinklers, hoses or storage tanks (Kay and Brabben, 2000). According to Kedge (2001) 
and EWW (2001), suction pumps can raise water up to about 6-7 m head at a flow rate 
of up to 2 l/s, depending on the pump and the height above sea level. Pressure pumps 
can add an additional seven meters to the head on the delivery side, giving a total lift of 
about fourteen meters. Although the flow rate of the pressure pump is usually less and 
depends on the inlet and outlet pipe sizes and cylinder diameter, it is usually capable of 
pumping 1 l/s (Kay, 2001; Kedge, 2001). The pressure pump can discharge water up to 
a distance of approximately 150 m depending on friction losses and it is also better at 
lifting water from greater depths than the suction pump (Kedge, 2001). The pressure 
pump was developed to fulfil the needs of African farmers who often have to lift water 
from great depths and irrigate undulating land with sprinklers or hosepipes (Kay and 
Brabben, 2000). 
 
In theory the limits of a suction pump is 10.4 m at sea level, but in practice it reaches 
only up to 6.5 m. The suction head is also affected by change in temperature. An 
increase of 10°C in temperature decreases the suction head by 7%. Furthermore, for 
every thousand meters of elevation there is generally a loss of 1m suction head. 
 

 

Figure 12-4 A Zambian farmer pumping water with a pressure treadle pump 
(Kedge, 2001) 
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The efficiency of the TP depends both on the physical strength of the operator and the 
ability to sustain this power over a period.  According to Chancellor and O’Neill (2000), 
the typical rural peasant can produce a sustainable power of 40W and a comfortable 
discharge rate would therefore be around 50 l/min at a head of 3 m. At a head of 5 m, 
the discharge drops to 28 l/min. 

12.1.8.2 Hand pump 

In case of ground storage tanks low-level hand pumps may also be used for DRWH 
systems to extract water for drinking and domestic use (Whitehead, 2000). Figure 
1.2.16 shows a hand pump used to extract water from a partially buried storage tank. 
 

 

Figure 12-5: Hand pump (Whitehead, 2000) 

12.1.9 Aquaculture  

The harvested rainwater may also be used for aquaculture, depending on the availability 
of the rainwater. As reported by AquaSol (2003), the total world production of 
aquaculture, including aquatic plants, was more than 47.5 million tons by weight in 
2000. The production of fish can easily be integrated into irrigation farming. It is based 
on the dual use of the same water, first for fish production and afterwards for irrigation 
(Cohen, 1996). Rajesh et al. (2003) reported that the nutrient rich water from 
aquaculture tanks might even support sustainable agriculture by reducing the use of 
inorganic fertilizers. Species such as Shrimp, Tilapia, Carp, Catfish, Salmon, Trout, Sea 
Bream, Mussels, Clams, Oysters, Scallops and many other aquatic organisms are all 
being actively farmed today (AquaSol, 2003). Any water-source could be used for fish 
farming, including underground water, water from the river, or from an impounding 
reservoir (Cohen, 1996). The scale and output of the aquaculture facilities are designed 
according to the water availability so as to cause no interference in the irrigation 
schedule (Cohen, 1996). During the dry season, due to a larger withdrawal of water for 
irrigation, the fish biomass increases in the reservoir and it results in an increased 
concentration of nitrogenous compounds from the fish excretion. This, in turn, may 
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cause increased algal growth and creates problems both for irrigation (e.g. clogging of 
filters) and for the fish (growth inhibition due to anaerobic conditions). Effective fish 
growth requires input of oxygen, removal of wastes, and elimination of ammonia 
excreted by the fish. The bacterial population is useful in the reservoir because they 
carry out heterotrophic decomposition of the organic waste, followed by nitrification 
and de-nitrification. The alga, which is formed, assimilates the nitrate, which 
supplements the diet of the fish. Fish wastes become fertilizers for the irrigated crops 
and the reservoir serves as a natural biological filter (Cohen, 1996; Rajesh et al., 2003).  

12.1.10 Grey water  

Grey water refers to the re-use of water drained from baths, showers, washing machines, 
and sinks (household wastewater excluding toilet wastes) for irrigation and other water 
conservation applications (Waskom, 2004; Gelt, 2005). Water from the kitchen sink, 
garbage disposal and dishwasher is considered as black water because of high 
concentrations of organic waste (Waskom, 2004). The most obvious advantage of grey 
water is that it may be used instead of other water for landscape irrigation and filtered 
grey water is most suitably for subsurface irrigation of non-edible landscape plants 
(Waskom, 2004). Grey water may also benefit plants because it often contains nutrients 
such as nitrogen or phosphorus (Waskom, 2004). 
 
A grey water system needs regular supervision to ensure effective use; the irrigated 
plants must be regularly checked for signs of over-watering or stress from high organic 
content (Water CASA, 2003). Laundry products and contagious bacteria such as 
diarrhoea and hepatitis might affect crop quality. Hence, grey water should be diverted 
to a sewerage system whenever a family member contracted such contagious bacteria or 
when the water contains toxic substances. Grey water is only suitable for surface or drip 
irrigation as the sprinkler irrigation method would not be hygienic. About 50 to 80 
percent of residential wastewater can potentially be recycled as grey water (Gelt, 2005; 
Oasisdesign, 2005). 

12.1.11 Irrigation requirement for vegetable crops 

Irrigation water requirement is defined as the crop water need minus the effective 
rainfall (FAO, 2002; Qassim, Ashcroft and Tatura, 2001). The irrigation schedule 
indicates how much water has to be given to the crop, and how often and/or when this 
water must be given. As noted by Lategan et al. (1997), vegetable crops such as beans, 
cucurbits, peas, onions and tomatoes are planted both in summer and winter in South 
Africa. Although surface irrigation is suitable for all types of crops, sprinkler and drip 
irrigation are best suited as it conserves water because of higher system efficiency 
(FAO, 2002). Drip irrigation is suitable for most soil types and surface slopes; however 
blockage of emitters by debris from irrigation water is a major problem. Thus it is 
essential for irrigation water to be free of sediments, algae, dissolved chemicals and 
fertilizer deposits when a drip irrigation system is used (FAO, 2002). The accurate 
monitoring of soil moisture on a continuous basis shows the relative changes in soil 
moisture before, during and after an irrigation event. However, it should not be the only 
basis for irrigation scheduling and it must be used in conjunction with climate, crop and 
soil data (Qassim et al., 2001). 
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12.1.12 Application of DRWH in SAPWAT3 

The theory of rainwater harvesting is applied to the rainwater-harvesting module of 
SAPWAT3.  The total water requirement is the sum of the estimated crop irrigation 
requirements and household requirements.  Subtracting water available from other 
sources such as a well and grey water out of the household, reduces this total water 
requirement.  
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CHAPTER 13 
COUNTRIES  

A countries data file is included for the purpose of having outline maps available for 
each country for selection of weather stations.  The basic information in this data file is 
the ISO alpha-3 country codes as described in ISO 3166, as well as the extreme 
northern, eastern, southern end western points of each country as these define the 
reference points to which weather stations are linked.  These country maps are used for 
selecting weather stations for use in SAPWAT3.  
 
On the opening of the program the country taken up in the system files of the computer 
is selected as a default. The user can change this by selecting another country to work 
with.  
 



124 
 

CHAPTER 14 
APPLYING SAPWAT3  

14.1 Analysing irrigation strategies 

14.1.1 The Dundee example 

Figure 14-1 is the default irrigation management screen for maize planted near Dundee 
and presents the average situation for the full 50 year period.  The default assumes that 
the soil profile is replenished every 7 days to 10mm below the upper limit (field 
capacity) during the growing season.  Irrigation applications supplement rain shortfalls 
and are scheduled to ensure that the crop is provided with the exact water quantity 
required to match demand.  While soil texture, rooting depth and system efficiency are 
taken into account the amount applied weekly is not limited and may be impractical. 
 

 
Figure 14-1 Screen depicting the result of an irrigation requirement estimation run 

for maize planted near Dundee 

As shown in Figure 14-2, the estimated average irrigation water requirement is 467 mm 
of which 89 mm is due to evaporation.  In order to simplify scheduling the run was 
repeated assuming that an irrigation system capable of applying up to 35 mm on a 10-
day cycle was utilised and that irrigation be continued even when it rained!  The 
applications every 10 days during stage one was 10 mm, during stage two 30 mm and 
from then on 35 mm.  What sort of result could be anticipated?  The average crop 
irrigation requirement at 455 mm is very similar as is the evaporation at 93 mm.  It is 
possible to follow a season long mechanistic programme within the capacity of the 
system, but in very dry seasons there will be years when the crop will be stressed. 
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Figure 14-2 Average water balance of the maize shown in Figure 14-1 

 

 
Figure 14-3 The same maize as in Figure 14-1, but with a different irrigation 

strategy 
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Figure 14-4 The result of the irrigation strategy shown in Figure 14-3 

The driest season was 1950/51 when only 300mm of rain fell during the growing 
season.  In Jan, Feb and Mar the water content of the profile fell well below the RAW 
level (Figure 14-5).  In order to cater for this, the farmer would need to increase 
irrigation in these months (always presuming that water is available!) 

 
Figure 14-5 The result of a dry year for the same irrigation strategy as shown in 

Figure 14-3 
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Applications were increased after doing what-iffing runs from 35mm to 50mm in the 
third stage (Figure 14-6).  This is sufficient to fully compensate, the profile water 
content is above the RAW line.  The irrigation requirement is now in the order of 
575mm (Figure 14-7), virtually equal to the value of one standard deviation (Figure 
14-2) on the original default estimation that in theory would be enough for 84% of the 
possible irrigation requirements. 
 

 
Figure 14-6 Result screen with increase irrigation application to counter the effect 

of the dry year indicated in Figure 14-3 

 
Figure 14-7 Result page for irrigation strategy depicted in Figure 14-6 



128 
 

It is for the designer and farmer to decide on the capacity and characteristics of the 
irrigation as well as on management strategies.  This process is further facilitated by 
examination of the detailed daily water balances provided for the full 50 years as seen in 
Figure 14-8. 

 
 

Figure 14-8 Daily water balances. The marked areas indicate stress 

The low rainfall season 1950/51 is selected showing the details of the water balance for 
the original pre-season programme.  The application of 35mm/10d was inadequate in 
the third stage and the RZD (Root Zone Depletion) exceeded the RAW (Readily 
Available Water) marking the initiation of stress in early February.  This is immediately 
noticeable by highlighting when scrolling through the full year.  Other years when 
problems may arise in dry years can be identified by judicious scrolling. 

14.1.2 The Douglas example 

In this case the irrigation application was fixed at a more practical value – in the Dundee 
example the amount given per time was not always practical – and applied when soil 
water level reached a specific level. 
 
Figure 14-9 and Figure 14-10 show the result of a rooting depth of 1.2 m, while Figure 
14-11 shows the result on a rooting depth of 600 mm. 
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Figure 14-9 Results of a fifty year run on maize in the Douglas area.  Rooting 
depth = 1200mm 

 

Figure 14-10 The result of a fifty year irrigation estimate run in Douglas on a 
strategy shown in Figure 14-9 
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Figure 14-11 Results of a fifty year run on maize in the Douglas area.  Rooting 
depth = 900mm 

 

Figure 14-12 The result of a fifty year irrigation estimate run in Douglas on a 
strategy shown in Figure 14-11 
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Figure 14-13 Results of a wet year (1957) 

 

Figure 14-14 Results of a dry year (1994) 
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Figure 14-15 Result on default irrigation strategy. Compare with Figure 14-9 

 

Figure 14-16 Result of strategy as in Figure 14-15.  Compare with Figure 14-10 
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Figure 14-17 Result of default irrigation strategy. Compare with Figure 14-13 and 
Figure 14-14 

 

Figure 14-18 Result of default irrigation strategy.  Compare with Figure 14-13 
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Figure 14-19 Frequency and amount of irrigation can be seen in the daily table.  In 
this case, a normal year 
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