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Introduction
Earth has so much water, covering two-thirds of its surface
area, giving it a blue appearance when seen from outer
space. Yet, only a very small portion (0.00018%) of this
vast quantity of water is fresh and is found in rivers and
streams and can therefore be readily used by man for his
requirements. This water must satisfy most of man’s personal
needs: for producing food and fibre (FAO, 2002); industrial
production and for maintaining the environment (Wikipedia,
2012a). Water, through its scarcity, especially in water
stressed countries, has the potential to become a reason
for future conflict. This potential problem is aggravated by
the world-wide exponential increase in human population
and the resultant ever increasing pressure on fresh water
resources (Alois, 2007).
South Africa, with its relatively
dry climate, reflects similar
water situations to that of many
countries world-wide where arid
and semi-arid climates dominate
the landscape. Adequate food,
fodder and fibre production is
not possible without irrigated
agriculture and where fresh water
resources are limited; the effective
use of irrigation water becomes
much more important. Basson
and Van Niekerk (1997) reported
on the water balances of South
Africa, comparing 1996 values
with estimates for 2030. In 1996,
seven of the 19 major drainage
basins were over-utilised and it
is expected that this will increase
to eight by 2030. Ground water
failure commonly occurs in some
of the denser populated areas as
experienced in the Limpopo and
Mpumalanga provinces because
of the over-use of ground water
resources, similar to the situation
found
internationally
where
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overuse occurs (Basson and Van
Niekerk, 1997; GSSA, 2014).

Due to the volumes of irrigation
water
required
for
crop
production, any improvement in
irrigation water management and
application efficiency could lead
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to a reduction in the overall water
requirement. This, in turn, could
have a large influence on water
availability and could delay the
expected time a country would
“run out of water”. Good irrigation
water management implies good
planning of irrigation water
requirements, which, if correctly
done, could lead to properly
designed irrigation and irrigation
water
conveyance
systems.
Furthermore, the planning of
allocation of fresh water resources
for urban, commercial and
industrial needs, as well as mining
and irrigated agriculture could be
improved if the irrigation water
requirement can be estimated with
a high degree of accuracy.
The methods of estimating
irrigation water requirements for
planning purposes have developed
over time from values based on
observation and experience to
sophisticated approaches that
use weather data and link that to
a crop’s growth and development.
SAPWAT4 utilises the FAO four
stage crop development curve
procedure based on relating
crop evapotranspiration in each
stage to the short grass reference
evapotranspiration
(PenmanMonteith approach) by applying
a crop coefficient (Figure 1) linked
to climate (Figure 2). The crop
coefficient data is based on Allen,
et al. (1998) and Steduto, et al.
(2012) and were further developed
according to rules derived with the

help of crop scientists. Editing by
the user 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.

Figure 1 The FAO four stage crop
coefficient curve for linking crop growth
to climate

Figure 2 The crop data screen

However, the more sophisticated
the approaches have become, the
more complicated the calculations
and the more variables needed
to be considered (Figure 3).
SAPWAT4 is an improved version
of SAPWAT3, the program that
is extensively applied in South
Africa and internationally and
was developed to establish a
decision-making
procedure

SAPWAT
for the estimation of crop
irrigation
requirements
by
irrigation engineers, planners,
agriculturalists,
administrators,
teachers and students. The
development of the SAPWAT3 and
SAPWAT4 programs is based on
the FAO published Irrigation and
Drainage Report No. 56, Crop
evapotranspiration.
Guidelines
for
computing
crop
water
requirements (Allen, et al., 1998).

of any routine for estimating
crop
irrigation
requirement,
SAPWAT4 has at its core the
computer procedures contained
in FAO 56. Extensive use was
also made of FAO Irrigation
and Drainage Report No. 66,
Crop Yield Response to Water
(Steduto, et al., 2012) for reviewing
crop coefficients.

Figure 4 Weather stations included
in SAPWAT4, each dot represents a
weather station

Figure 3 Variables taken into account
when estimating irrigation 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

The
irrigation
requirement
of crops is dominated by
climate, particularly in the
yearly and seasonal variation
in the evaporative demand
of the atmosphere as well as
precipitation.
SAPWAT4
has
included in its installed database
comprehensive weather data that
is immediately available to the
user (Figure 4).

Weather data base
Firstly, it includes the complete
FAO CLIMWAT weather data base
(Smith, 1993) encompassing not
only South Africa, but many other
countries in the world where there is
irrigation development. CLIMWAT
comprises 3 262 weather stations
from 144 countries, 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, SAPWAT4
calculations are based on daily
values requiring interpolation. This
has been facilitated in SAPWAT4
by statistically fitting a cosine curve
to the monthly ET0 values.
Secondly, the installed set of
weather data in SAPWAT4 also
includes derived weather stations,
presently only applicable to
South Africa. This database
was developed from the South
African Atlas of Climatology
and Agrohydrology by the team
from the School of Bioresources
Engineering and Environmental
Hydrology, University of KwaZuluNatal (Schulze and Maharaj,

2006). 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 or more years of
historical and predicted (19501999 for most cases) daily weather
data. This capability has major
implications for planning and for
strategy development.
SAPWAT4 provides facilities for
importing additional weather
station data, including data
produced by the New LocClim
Climate Estimator, an FAO
program that produces monthly
climate data for any place on earth.

Figure 5 Köppen-Geiger climatic
system for Southern Africa
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SAPWAT
SAPWAT4
incorporates
the
internationally
recognised
Köppen-Geiger climatic system
(Figure 5). 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 threeletter code that indicates rainy
seasonality, is not used because
rainfall seasonality is superseded
by irrigation scheduling. Selecting
a weather station automatically
provides the linkage to the climate
of that station. The climate
map of a weather station is
shown in (Figure 6).

Figure 6 A SAPWAT4 climate map

SAPWAT4 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, such as water shortages
and salinity, 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.
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 SAPWAT4 this is reflected by
system efficiency (%). In a study by
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Reinders et al. (2010), irrigation
water conveyance losses were
found to vary between 4.3% and
57%. Irrigation system efficiencies
varied from 38% to 77%.
Extremely bad cases are isolated,
but it is indicative of inefficiency
levels that can be expected in
worst-case scenarios.
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 SAPWAT4 this is referred
to as standard DU (%). It is very
difficult to provide standardised
or even defensible defaults for
these values. The approach that
SAPWAT4 has followed is to
provide a preliminary default value
for system efficiency and to set
standard DU at 100%. If, through
measurement or judgement, the
user can come up with real-life
values, these should be substituted
for the default values (Figure 7).

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.

Rainwater
harvesting module
SAPWAT4 provides a rainwater
harvesting module (Figure 9)
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 inclusion of an enterprise
budget module in SAPWAT3
is now further developed in
SAPWAT4 (Figure 8).

Figure 8 Enterprise budget screen

This inclusion had been requested
because
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. Provision is made
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

Estimating irrigation
water requirement
Data input for irrigation water
requirement estimates has been
redesigned to make these screens
less intimidating. Farm-weather
station combinations and fieldsoil-irrigation system combinations
have been simplified and moved to
the first input screen (Figure 10).

Figure 10 Page 1 of the data
input screen for the estimation of
irrigation water requirements

Figure 9 The water harvest screen

Figure 7 The irrigation system
set-up screen

where the water can concentrate
and infiltrate into the soil adjacent
to the plant row.

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 laundry and bathroom
waste. Run-off can be harvested
from any combinations of roof,
hard-packed soil around the
homestead or adjoining roadways
or from an adjoining area of
natural vegetation. 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

All information required by higher
than farm level administration and
planning levels are still available
on this page, but detail is not
shown unless asked for. First time
farm and field input follows a
similar approach; the minimum
input requirement to run the
estimate is asked for (Figure 11).

Figure 11 Page 1 of the data
input screen for the estimation of
irrigation water requirements

Once calculations have been
done, the total farm data can be
viewed and changed if needed
be (Figure 12).

Figure 12 Farm data edit screen
which comes available once first
round irrigation requirement
estimates have been done

SAPWAT
The crop requirement input
screen has been redesigned
somewhat (Figure 13), while the
results page has undergone some
changes (Figure 14).

Figure 13 Page 1 of the crop setup screen for estimating irrigation
wa-ter requirements

Figure 14 Irrigation requirement
estimation results screen

The most notable is the right
side of this screen where the layout of the water use efficiency
results are shown. These results
now include worst case scenario
recommendations for design
application and cycle lengths.
Determination of risk is builtin, with irrigation requirement
estimates for different levels of
non-exceedance, a handy output
which allows the designer and user
to design for specific risk levels.
SAPWAT4 has the built-in facility to
export irrigation requirement data
on crop, field or farm, or on higher
administrative levels to a variety of
spread-sheet and similar facilities.
Irrigation requirement output is
provided in both millimetres and
cubic metres for the irrigated area.

FAO 56 makes no provision for
the effect of climate, planting date,
management strategies or crop
varieties on the individual crop
growth and development.

Figure 15 Average temperatures
for the five climate regions found in
Southern Africa

SAPWAT4 provides for this with
default stage length values for
each of the crops listed for each
of the five climatic zones found in
Southern Africa 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 and climate. Unfortunately,
this is a weak point in SAPWAT4
and other similar programs, such
as SAPWAT3 (Van Heerden, et
al., 2008) and CROPWAT (Smith,
1992) because of, usually, a lack
of enough data to include such
variation in crop growth. One
solution is to adapt the growth of
crops to thermal time (Parthasarathi
et al., 2013), and this facility is now
included in SAPWAT4.
This module needs further
development. At present it can
only by used reliably for crops that
do not need vernalisation, are
not influenced by photoperiodism
and are not grown under
stress situations.

a lysimeter, to adapt crop growth
coefficients as required (Allen,
et al., 1998). Before and after
examples are shown below. This
is not a fully automatic process,
interaction between the user and
program remains active and a
number of repeats are usually
required to reach an optimum
level of fit. The solid lines are
the existing crop coefficient
curve and the dotted lines show
the theoretical ideal based on
measured data to which the actual
crop growth curve need to be
fitted ( Figure 17 to Figure 22 for
wheat, peas and maize).

Figure 19 The SAPWAT4 table Kcb
data curve, the observed data and
the first repeat proposed Kcb growth
curve based on observed data of
lysimeter measured ETc data for
peas planted on 27 June 2001 at
Kenilworth near Bloemfontein

Figure 17 The SAPWAT4 table Kcb
data curve, the observed data and
the first repeat proposed Kcb growth
curve based on observed data of
lysimeter measured ETc data for
wheat planted on 3 July 2003 at
Kenilworth near Bloemfontein
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Added functionality
Adapting crop growth to
temperature
SAPWAT4 utilises the FAO fourstage crop development curve
procedure for relating crop
evapotranspiration
in
each
growth stage to short grass based
reference
evapotranspiration
(Penman-Monteith
approach)
by applying a crop coefficient.
Typical values of expected average
crop coefficients under a mild,
standard climatic condition are
published in FAO 56 and is
applied in SAPWAT4. However,

Figure 18 The SAPWAT4 table Kcb
data curve, the observed data and
the fourth repeat proposed Kcb
growth curve based on observed
data of lysimeter measured ETc data
for wheat planted on 3 July 2003 at
Kenilworth near Bloemfontein

Application specific solutions to various
problems such as:

Figure 16 The SAPWAT4 heat unit
calculator for adapting crop growth
and development to thermal time

Verifying crop growth
and development with
measured water use data

Water treated for the following uses:

A second functionality for
correcting
crop
growth
coefficients, is a built-in module
that uses measured crop water
use data, such as determined with
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SAPWAT

Figure 22 The SAPWAT4 table
Kcb data curve, the observed data
and the fifth repeat proposed Kcb
growth curve based on observed
data of lysimeter measured ETc
data for maize planted 17 on
December 2004 at Kenilworth near
Bloemfontein

Small irrigation
dam water balances

Figure 21 The SAPWAT4 table
Kcb data curve, the observed data
and the first repeat proposed Kcb
growth curve based on observed
data of lysimeter measured ETc
data for maize planted on 17
December 2004 at Kenilworth near
Bloemfontein

Some users of SAPWAT3, mainly
from the Western Cape, have
asked for the inclusion of an
irrigation dam water balance
module. Their problem stems
mainly from the request that a
farmer or group of farmers who
use small irrigation dams to store
runoff water during the rainy winter
season for use during dry summer,
need to do a good planning of
water use in order to let the stored
irrigation water last for the summer
season, especially if the winter
rainfall was lower than normal.
[1]
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Dam water balances requires
hydrological calculations outside
the scope of SAPWAT4. SAPWAT4
assumes a stable and ample water
source as default, but does provide
the user with the facility to plan for
situations where the source does
not supply enough.
Feelers were put out to consulting
engineering
firms
explaining
the need of a small irrigation
dam water balance model and
requesting information about
such possible development. It
transpired that the engineering
consultancy
Schoeman
and
Partners of Brits had developed an
Irrigation Models suite in Excel[1]
which includes a small dam water
balance module.

This author agreed to participate
in the SAPWAT4 development.
An export module for SAPWAT4
farm level irrigation requirement
data that could be used as an
import by the Dambalance
module was designed, tested
and found to be successful for
the purpose. The resultant dam
yield assurance is indicated in the
accompanying figures.
y=b+c1x+c2x²
b= 1205074
c1= 65004
c2= -664157

Yield analysis
1 200 000
1 000 000
800 000
R² = 0.9799

600 000
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80%

85%

90%

95%

100%

Assurance

During the discussions Hennie
Schoeman[2], the author, indicated
that his Irrigation Models suite will
be made available free of charge
to SAPWAT4 users who require
it, provided that they either do
a short course on its use or that
he is satisfied that they will be
able to use it.
SAPWAT4 is freely available
from the Water Research
Commission at wrc.org.za, or
contact the publications section
at patrickk@wrc.org.za
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measured ETc data for maize planted on 17 December 2004 at Kenilworth near Bloemfontein

Figure 22 The SAPWAT4 table Kcb data curve, the observed data and the fifth repeat proposed Kcb growth curve based on observed data of lysimeter
measured ETc data for maize planted 17 on December 2004 at Kenilworth near Bloemfontein
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YIELD
Assurance
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146 100
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