
 IN-FIELD  EVALUATION  OF  IRRIGATION  SYSTEM  
PERFORMANCE

BAK Griffiths

SEMINAR

Submitted in partial fulfilment of the

 requirements for the degree of

 MScEng

School of Bioresources Engineering and Environmental Hydrology

University of KwaZulu-Natal

Pietermaritzburg

November 2006



ABSTRACT

Increased pressures on the finite water resources of the world are requiring the irrigation sector

to become more accountable for their water use. At the field level, the farmer needs to ensure

agronomic and economic viability of the crop production system. This situation requires the

determination of relevant irrigation performance parameters which will indicate how well an

irrigation system is operating. This can be attained through evaluating an irrigation system to

determine performance parameters such as adequacy, efficiency and uniformity.

A brief review of the relevant performance parameters, factors which affect these parameters and

current evaluation methodologies is given. The importance of the inter-relationship between

adequacy, efficiency and uniformity is also discussed.

Potential application efficiency (AE) ranges as opposed to the measured values (in brackets) from

research are listed for the different irrigation systems respectively: Furrow, 50-70% (57%);

Centre pivot, 75-90% (86%); Hand-move sprinkler, 65-85% (73%); Static sprinkler, 70-85%

(77%) and Sub-surface drip, 85-90% (95%). The distribution uniformity (DUlq) values, given in

the same format as above, are: Furrow, 65-87% (79%); Centre pivot, 78-90% (73%); Hand-move

sprinkler, 70-86% (72%); Static sprinkler, 73-86% (66%) and Sub-surface drip, 86-90% (74%).

The main factors which contributed to the irrigation systems having lower than expected AE and

DUlq values are; poor irrigation system design, poor irrigation system management, non-existent

or inadequate maintenance schedules and non-existent water testing procedures. As previously

stated, these factors can be dealt with, resulting in the improvement of an irrigation systems’

performance which will benefit the farmer, providing a more cost effective and efficient crop

production system.
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1.       INTRODUCTION

In South Africa, irrigated agriculture is reportedly the largest user of water resources, using 53%

of the total annual amount used (Ascough and Kiker, 2002) and in California Pitts et al., (1996)

noted that irrigated agriculture accounted for more than 80% of all surface water diverted whilst

in Zimbabwe, irrigated agriculture has been reported to consume 80% of the recorded water use

(GoZ, 1999; cited by Lecler, 2004). Therefore, as pressures increase on the finite global water

reserves, and as competition for water increases between the different economic and

environmental sectors, the irrigation sector, in particular, is being forced to become more

accountable for their water use (Ascough, 2005).

For example, Lecler (2004) stated that to ensure the long term viability of the sugarcane industry

in Zimbabwe,  development and adoption of strategies to improve the performance of the various

water management and irrigation systems was needed. In addition, looking at the individual

irrigation user, the ability of the in-field irrigation system to apply water uniformly and efficiently

to the irrigated area is a major factor influencing the agronomic and economic viability of the

farmers’ production system (Raine and Foley, 1999).

Supporting this statement, Solomon (1998) notes that due to the fact that irrigation uniformity

relates to crop yield and the efficient use of resources, engineers regard it as an important factor

to be considered in the selection, design and management of irrigation systems. In this regard,

Fairweather et al., (2003) noted that techniques for improving the effectiveness of all types of

irrigation systems can be found in many agriculture water-related journals with the common

thread in most techniques being the management component and, in a lot of cases, the

requirement to actually measure the irrigation event. This measurement of the irrigation event

is known as an evaluation.

In order to calculate the in-field distribution of water by the irrigation system, otherwise known

as the uniformity, to work out the efficiency and to determine how adequately the irrigation

system met the irrigation target application, specific evaluation procedures for specific irrigation

systems must be followed. An evaluation of an irrigation system involves taking in-field

measurements and then using scientific and engineering principles to assess these measurements
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in the light of performance standards chosen, however, most countries including Australia and

South Africa are still in the process of finalising these standards. Evaluating an irrigation system

should measure and show the effectiveness of existing irrigation practice (Merriam and Keller,

1978), provide remedial measures if necessary, as well as determining the impact of the factors

which affect the performance parameters on the overall economic viability of a farmers’

production system.

The main objective of this review is to determine whether there is any benefit to a farmer in

having an irrigation system evaluated, using standard in-field evaluation procedures to calculate

chosen performance parameters. The review will also give a brief insight into the status of the

effort by international irrigation experts, within their respective countries and/or institutions, to

standardise the calculation and interpretation of in-field performance parameters, such as

Adequacy, Efficiency and Uniformity.

Thus the structure of this document is as follows. Chapter 2 contains a review of relevant in-field

performance parameters, together with the factors which influence the performance. This is

followed by Chapter 3 which contains descriptions of the irrigation systems being evaluated and

a brief review of current evaluation methodologies in use. The performance of the irrigation

systems published in the international literature are contained in Chapter 4. A discussion of the

literature and conclusions are presented in Chapter 5 and the references used are listed in Chapter

6.
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2.       PERFORMANCE PARAMETERS

The ideal irrigation system applies water at a rate that allows all water to infiltrate and the water

is distributed both in space and time to match crop water requirements in each parcel of the field

(Hoffman and Martin, 1993). However, as stated this is for an ideal system which is rarely found

in practice. Most, if not all irrigation systems will require some measure of improvement, in order

to get to an “ideal” irrigation system. In order to quantify any improvements in irrigation

performance obtained from either better management or through the application of technology,

Fairweather et al., (2003), state that it is important to take appropriate measurements, which can

help determine the efficiency of an irrigation system.

In this regard, Lecler (2004) proposed a system whereby the uniformity measures within a field,

taken from a single irrigation event, are utilised in an irrigation and yield forecasting model

(ZIMsched 2.0). The model simulates the effects of uniformity on the water budget and yield

estimates over an entire growing season and thus allows for the eventual calculation of the

efficiency of a farmers production system.

Also, the increasing competition for scarce water resources has motivated researchers and public

officials to examine more closely the efficiency of water use in agriculture. Wichelns (2003)

states that several researchers have defined terms, both old and new, to describe irrigation

efficiency to enhance the information available when evaluating water policy decisions.

Unfortunately, numerous definitions of efficiency and uniformity have been developed over the

years for different objectives and irrigation systems. Attempts at unifying these definitions have

not been entirely successful. Some of the difficulties stem from conflicting objectives, while

others arise from differences between academic and practitioner needs (Clemmens and Dedrick,

1994).

However, in discussions held with various researchers (Strelkoff, 2004; Lecler 2006; Raine,

2006), there is general consensus on the fact that as long as units and measurements are clearly

defined, even if certain equations in different studies are slightly different, the equations can be

used to benchmark the performance of irrigation systems, with an acceptable level of accuracy.
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There are three performance parameters which are important when reporting on the evaluation

of an irrigation system, these are adequacy, efficiency and uniformity. All of these parameters

are inter-related and will be discussed in the following sections.

2.1 Efficiency

Wolters and Bos (1989) state that efficiency is generally defined as the dimensionless ratio of

output divided by input. Fairweather et al., (2003) concur with this definition and cite Barret

Purcell and Associates (1999) as correctly pointing out that efficiency is in fact a dimensionless

term obtained by dividing values which have the same units. However, in the context of irrigation

there is much confusion with respect to the definition of efficiency.

This is due to the fact that efficiency can mean different things to different people. There are

publications which document the evolution of efficiency terms and performance concepts used

in the irrigation industry (Wolters and Bos, 1989;  Fairweather et al., 2003;  Ascough,  2004) and

a wealth of publications reviewing efficiency terms which researchers believe are relevant within

the field  of irrigation ( Heerman et al., 1990; Clemmens et al., 1995; Burt et al.,1997; Pereira,

1999; Purcell and Curry, 2003; Page Bloomer and Associates, 2006)

The “confusion” surrounding the efficiency terms has lead to some countries and international

institutions, to attempt to clarify and standardise the relevant terms used. One of the most

comprehensive initial attempts was carried out by the American Society of Civil Engineering

(ASCE) Task Committee on Defining Irrigation Efficiency and Uniformity, which published a

variety of papers on the subject, clarifying common points of confusion and proposing methods

whereby the accuracy of numerical values of the performance indicators can be assessed (Burt

et al., 1997). This committee favoured the irrigation water balance approach, which determines

the fate of the various fractions of the total irrigation water applied, by defining terms such as

consumptive and non-consumptive use, beneficial and non-beneficial use and also reasonable and

non-reasonable use.

In Australia, a four-stage project titled ‘Determining a Framework, Terms and Definitions for 

Water Use Efficiency in Irrigation, was initiated in 1999 by the National Irrigation Efficiency
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Group (NIEG), which is a subcommittee of the National Program for Irrigation Research and

Development (NPIRD). The purpose of the project was to promote the development of consistent

irrigation standards (Purcell and Currey, 2003). Linked to this project, Barrett Purcell and

Associates (1999) suggested a framework that considers the performance of all aspects involved

in an irrigation water balance approach in determining  the fractional use of water.

Ascough (2004) noted that in South Africa, definitions for irrigation efficiency have been varied

and are not universally applied. A workshop was held in 2002 at the Agricultural Research

Council-Institute for Agricultural Engineering (ARC-ILI) in Pretoria, in an effort to standardise

the definitions. This lead to project K5/1482/4, funded by the Water Research Commission, titled

“Standards and Guidelines for Improved Efficiency of Irrigation Water Use From Dam Wall

Release to Root Zone Application” (Ascough, 2004). As part of this project, uniformity and

efficiency terms have been proposed by Lecler (2005), within a comprehensive water balance

framework. The International Commission on Irrigation and Drainage (ICID) is currently drafting

a paper titled “Efficient Irrigation; inefficient communication; flawed recommendations”, which

also seeks to propose a framework on consistent terminology and definitions (ICID, 2006).

Burt et al., (1997) state that efficiency terms are, in principal, difficult to evaluate rapidly and

require a detailed inventory and quantification of the ultimate destinations and uses of applied

irrigation water that was applied. In order to overcome this difficulty, a “single event” efficiency

is described which enables the performance of an irrigation system in the field to be assessed by

how efficiently the system satisfies a perceived need.

This “single event” efficiency is known as the Application Efficiency (AE), which is based on

the concept of meeting a target irrigation depth for that event, as interpreted by Burt et al., (1997)

and also supported by Lecler (2005). Other definitions of AE are proposed by Wolters and Bos

(1989). The Burt et al., (1997) equation is defined in Equation 2.1.

(2.1)AE
averagedepthof irrigation water contributing toTARGET

averagedepthof irrigation water applied
X= 100%

The first requirement for the efficient operation of an irrigation system is the  uniform application

of water. Pitts (2001) noted that a highly uniform application of water does not ensure high

efficiency since water can be uniformly under or over-applied. However, in order to achieve good
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crop yields, both a highly efficient system and uniform application of water are required. Baum

et al., (2005) explain that irrigation can be uniform and inefficient, however, irrigation cannot

be non-uniform and efficient. As a result, irrigation uniformity can be a good indication of

potential irrigation efficiency, and is easier to quantify and measure.

2.2 Uniformity

According to Solomon (1998), the term ‘irrigation uniformity’ refers to the variation or

non-uniformity in spatial distribution of the amounts of water applied to locations within the

wetted area. Uniformity influences crop yields through the agronomic effects of under and over-

watering. Insufficient water leads to high soil moisture tension, plant stress and reduced crop

yields. Excess water may reduce crop yields as a result of leaching of plant nutrients, results in

an anaerobic rooting environment as well as increased disease or failure to stimulate growth of

economically valuable parts of the plant (Griffiths and Lecler, 2001). Heermann et al., (1990)

note that irrigation uniformities for overhead sprinkler irrigation systems can be evaluated by

measuring the spatial distribution of application depths with catch cans. For drip systems, the

emitter discharge is measured and for surface systems the intake opportunity time is typically

used for evaluating irrigation uniformities.

According to Pereira (1999), several parameters are used as indicators of the uniformity of water

application to a field. The most commonly used, which are dependent on the irrigation system,

are the Coefficient of Uniformity (CU), Distribution Uniformity (DU),  and the Statistical

Uniformity coefficient (SU).

2.2.1 Coefficient of uniformity

One of the first and most common quantitative measures of uniformity is the Christiansen

Uniformity coefficient (CU). This was developed for evaluating sprinkler systems in 1942, and

is still the most widely used and accepted measure for uniformity (Ascough and Kiker, 2002). The

CU provides a quantitative measure of the average deviation from the mean application depth

(King et al., 2000).
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The CU can be expressed by (ASAE S436.1,1998):
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Heermann et al., (1990) note that the above definition requires that each can represent the depth

applied to equal areas. This is not true for data collected under centre pivot systems. Thus the
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where:

Si is the distance from the centre of the pivot to the catch can [m].
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There are three important features of the CU formulae that should be recognised and considered

when interpreting CU values (Zoldoske and Solomon, 1988):

• Firstly, due to the absolute value used in determining the average absolute deviation from

the mean, CU treats over and under-watering equally.

• Secondly, the computation of D assigns penalties in what is mathematically called a

“linear” fashion. This means that the penalty assigned to each value is in direct proportion

to the amount by which it deviates from the mean.

• The third feature of CU is that it is an average measurement. It gives no indication of how

severe the deviation may be at a particular location in the field, or how large that critical

area might be.

2.2.2 Distribution uniformity

One measure which emphasizes the under-watered area and looks at the critical regions is the

Distribution uniformity (DU). It gives an indication of the magnitude of the uneven distribution

and can be defined as the percent of average application amount in the lowest quarter of the field

(Rogers et al.,1997). The lowest quarter fraction,  dlq [mm], has been used by the United States

Department of Agriculture (USDA) since the 1940s’ and has proved to be useful in irrigated

agriculture and is defined by the following (Burt et al., 1997):

(2.4)d
vol accum in total area of elements with smallest depths

total area of of the total area of elements
lq =

. . /

/

1 4

1 4

From Equation 2.4 the low-quarter distribution uniformity, DUlq, can be defined as:

(2.5)DU
d

d
lq

lq

avg
=

(2.6)DU
avg low quarter depth

avg depth of water accumulated in all elements
lq =

−.

.
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where davg [mm] is the total volume accumulated in all elements, divided by total area of all the

elements. DUlq is a uniformity term most commonly used in furrow irrigation, but is increasingly

being used in other irrigation systems, for comparative purposes. Although Burt et al., (1997)

recommend that the DUlq be presented as a ratio, other researches differ, and thus multiply the

Equations 2.4 and 2.5 by 100 (Rogers et al., 1997; Periera, 1999; Lecler, 2004).

2.2.3 Statistical uniformity

Ascough and Kiker (2002) state that Statistical Uniformity (SU) is usually used to represent the

uniformity of micro-irrigation systems, such as drip irrigation. The main reason being that water

is not applied to the whole field area (Koegelenburg and Breedt, 200). The SU can be expressed

as shown in Equation 2.7 (Pereira, 1999):

(2.7)SU V
S

q
q

q

a
= − = −









100 1 100 1( )

where Vq is the coefficient of variation of emitter flow, Sq is the standard deviation of emitter flow

[l/h] and qa is the average emitter flow rate [l/h].

Lecler (2004) noted that the CU, DUlq and SU are all mathematically interrelated, and assuming

a normal distribution, the relationships between the three parameters shown in Equations 2.8 and

2.9 may be derived (adapted from Warrick, 1983; Smesrud and Selker, 2001):

(2.8)DU CUlq = − −100 1 59 100.. ( )

(2.9)DU SUlq = − −100 127 100. ( )

2.3 Adequacy

For a single irrigation event it is pertinent to include a parameter which determines how well the

required depth of water has been satisfied. In many cases managers and researchers are interested



10

in the low-quarter depth just equalling the required depth, this is termed the low-quarter adequacy

(AD lq), and is given by (Burt et al., 1997):

(2.10)AD
d

d
lq

lq

req
=

where dreq is the required depth for all beneficial uses [mm]. Ascough (2004) states that with this

definition an ADlq < 1 indicates under-irrigation, and an ADlq > 1 indicates over-irrigation.

Another form of interpretation of adequacy, is the graphical concept and can be defined as the

percentage of the field that is fully irrigated. Figure 2.2 illustrates the concept (English, 2000;

King et al., 2000; Magwenzi, 2000). The shape and slope of Figure 2.2 is determined by the

uniformity of applied water. The more uniform the application the more level the curve. As more

water is applied more of the curve will be above the irrigation requirement line, and so the

adequacy will be higher. This format can be used to examine the relationship between adequacy,

efficiency and uniformity (English, 2000)
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Figure 2.2   Spatial distribution of applied water (after English, 2000).

2.4 Relationship Between Adequacy, Efficiency and Uniformity

The relationship between adequacy, efficiency and uniformity is best described graphically, with

an example taken from English (2000) and shown in Figure 2.3 and 2.4. Figure 2.3 shows two

curves, representing two different uniformities, but both applying water at 50% adequacy. The

more uniform application results in less excess water applied, and therefore the application

efficiency is higher. The more uniform system also results in less under-irrigation.

Figure 2.4 shows two other curves representing the same uniformity but different levels of

adequacy. This figure illustrates the inverse relationship between adequacy and efficiency, one

of the most important, and least understood relationships. As adequacy is increased, the amount

of water lost as deep percolation is increased, and therefore efficiency is decreased.

Magwenzi (2000) also notes that there is a limitation in using efficiency as the only measure of

irrigation system performance because it does not show the uniformity of distribution or the

percentage of the area that was adequately irrigated. Thus, a combination of all the above

parameters would be best practice.
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Figure 2.3   Distribution for two irrigation systems having equal adequacy but different

uniformity and application efficiency (after English, 2000).

Figure 2.4    Distribution for two irrigation systems having equal adequacy but different

uniformity and application efficiency (after English, 2000).
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According to Baum et al., (2005) distribution uniformity is often measured as an indicator of

potential efficiency. Thus the factors that affect the uniformity, must be noted and measured, if

possible, as it impacts on the overall efficiency of a system.

2.5 Factors Which Affect Uniformity

The uniformity of each type of irrigation system is influenced by different factors which are

detailed by Pereira (1999) and Burt et al., (1997). These factors are listed in Tables 2.1 to Table

2.4.

Table 2.1 Examples of components that affect uniformity for furrow irrigation systems (after

Burt et al.,1997)

Uniformity component Factors causing non-uniformity

Opportunity-time differences down a furrow Extent of ponding

Flow rate and duration

Slope and roughness

Furrow cross-sectional shape

Furrow length

Opportunity-time differences between furrows Different day/night irrigation set times

Wheel row compaction/no wheel compaction

Different furrow flow rates

Different infiltration characteristics for

individual furrows

Different degree of compaction due to tractor

tyres and tillage

Different infiltration characteristics across the

field

Different soil types

Soil chemical differences

Texture differences of soils

Other opportunity time differences throughout

a field

Non-uniform land preparation

Difference in day and night intake rates Viscosity changes due to temperature changes

Infiltration rate differences due to differences

in wetted perimeter

Slope changes or restriction to flow along the

furrow
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Table 2.2 Examples of components that affect uniformity for centre pivot irrigation systems

(after Burt et al., 1997).

Uniformity component Factors causing non-uniformity

Sprinkler (spray head) flow rates not

proportional to area served

Poorly controlled sprinkler pressures

Elevation changes

Pressure regulator differences

Nozzle plugging and wear

Sprinkler overlap non-uniformity between

adjacent sprinklers

Wind

System travel speed variations

Elevation of sprinkler (spray head)

Crop interface

Worn spray plates

Spacing

Edge effects Wind direction changes

Soil texture

Distance from pivot point

Surface conditions (surface ponding,

residues)

Nozzle angle changes due to topography

Radial arc effects Activation of end guns and corner swing

lateral sections or towers without proper

control of flow rates along the pivot length

System flow variation Engine performance

Pump response to different pressure

requirements

Pressure variations from the source
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Table 2.3 Examples of components that affect uniformity for drip/micro irrigation systems

(after Burt et al., 1997)

Uniformity component Factors causing non-uniformity

Difference in discharge between emitters Pressure differences

Plugging of emitters

Manufacturing variation

Soil differences for buried emitters

Temperature differences along a lateral

Volumes applied not proportional to plant

area assuming the same plant age

Variations in plant spacing are not matched

by emitter spacing or irrigation scheduling.

Unequal discharge during start-up and

drainage

Table 2.4 Examples of components that affect uniformity for static and hand-move sprinkler

irrigation systems (after Burt et al., 1997)

Uniformity component Factors causing non-uniformity

Flow rate differences between sprinklers Pressure differences

Different nozzle sizes

Nozzle wear

Nozzle plugging

Sprinkler pattern (catch can) non-uniformity Spacing

Sprinkler design (angle of trajectory,

impact-arm interception characteristics)

Nozzle size and pressure

Wind

Vertical orientation of sprinkler head

Plant interference around a sprinkler

Unequal application during start-up and

shutdown

Pipe diameter and length

Duration of set

Edge effects Inadequate overlap on edges



16

The condition of the irrigation system will also influence the uniformity of water application and

thus the maintenance of the system is important. Thoreson et al., (1997) define two types of

maintenance:

• Corrective maintenance is - any action required to return a systems’ performance to a

desired level

• Preventive maintenance is - any action required to keep a systems’ performance at a

desired level.

The performance evaluation of in-field irrigation systems can be divided into the two major

components of water losses and uniformity of application. Although both components are

influenced by system design and management practices, the losses are predominantly a function

of management while the uniformity is predominantly a function of the system design

characteristics (Raine et al., 2005).  Hoffman and Martin (1993) believe that the design defines

the ultimate potential and management dictates the actual level achieved.

Alvalrez et al., (2004) note that the general objective of field evaluations is to help farmers detect

different problems of management and system operation. Characterizing how the irrigation system

performs is a secondary choice. Magwenzi (2000) states that research supports the fact that there

is value in evaluating the performance of an irrigation system as an integral part of irrigation

management. In trying to improve irrigation efficiencies, it is necessary for irrigators to identify

their current efficiencies and the techniques by which improved efficiencies can be achieved, and

be motivated to change (Raine and Foley (2002) after Skewes and Howell, (1998)).
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3.       METHODOLOGY OF EVALUATION

Griffiths and Lecler (2001) state that the objectives of evaluating the performance of an irrigation

system are:

• to determine if the system is working according to farmer assumptions and design

specifications in terms of the amount of water applied, and to thereby provide a basis for

improved irrigation scheduling,

• to determine how much variation there is in the amounts of water applied and whether or

not the measured variation has a significant impact on crop yields, deep percolation

(drainage) and runoff losses, fertiliser use efficiencies and production cost,

• to determine the causes of the variation in applied water and to investigate and

recommend cost effective remedial action,

• to assess whether or not the conveyance system is sized within design norms that were

based on a fair balance between capital and operating costs,

• to check the efficiency with which power is being used,

• to produce recommendations to improve on any aspects that would result in the effective

use of water and energy.  

The information from an evaluation should help a farmer reduce input costs, increase returns and,

if necessary, provide motivation for a designer to implement remedial measures if a design was

not up to standard (Griffiths and Lecler, 2001).

Merriam and Keller (1978) stated that the study of the data from a system evaluation will indicate

whether improvements can be made. It would also provide management with a reasoned basis for

selecting possible modifications that may be both practical and economical.

There are a number of published evaluation methodologies for the various irrigation systems. This

seminar cannot possibly list all of them, and their variations. It must also be noted that localised

operating conditions may require certain aspects of an evaluation procedure to be adapted to suite

the conditions.
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A generic explanation on what parameters should be measured during an evaluation, followed by

references to studies where the various methodologies have been employed, is presented in the

following sections.

3.1 Furrow

Surface irrigation refers to a kind of irrigation system where water flows over the soil surface

under controlled conditions with the purpose of delivering the desired amount of water to infiltrate

the soil. In furrow irrigation, water is confined to furrows with the water gradually being absorbed

into the bottom and sides of the furrow to wet the soil (ARC-ILI, 2004a; Kay, 1993).

Surface irrigation predates all the other systems in use today, but it is still the most difficult

irrigation system to evaluate accurately. The hydraulic performance of furrow irrigation depends

on the furrow length, the inflow rate, the cut-off time, the land slope, the spacing and shape of the

furrows, the resistance to flow in the furrows, the infiltration characteristics of the soil, and, the

infield variability of all of these factors (Burt, 1995; Jurriens and Lenselink, 2001).

Griffiths and Lecler (2001) note that the process of evaluation itself is quite simple but

measurements must be accurate. The process can be time consuming when a large number of

furrows are selected in order to account for infield variability. The representativeness of

evaluation data can also be questioned when there is a large amount of variation in operator input.

Therefore, a large number of evaluations are needed, often repeated on the same field during a

season, in order to gain confidence in the results.

The important parameters to measure during an evaluation of a furrow system are as follows. The

inflow is measured using a calibrated syphon and head measuring device, or a calibrated

flume/weir. The rates of advance and recession are noted at specific points along the furrow and

the time of cut off is recorded. The outflow, if any, is measured with a calibrated flume. A dumpy

level is used for surveying the field slopes. Evaluation methodologies are detailed by the FAO 45

publication (Walker,1989), Burt (1995),and, Koegelenberg and Breedt (2003). The American

Society of Agricultural Engineers (ASAE)  have also incorporated a comprehensive procedure

for evaluating the performance of furrow irrigation systems in a standards manual (Walker, 2005).
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In Australia a system has been developed for evaluating surface irrigation systems with

“IrrimateTM” tools. These include the digital siphon flowmeter to determine inflow volume, water

advance sensors and the digital in-furrow downstream flume for outflow volume (Raine et al.,

2005).

After the measurements are taken, the data collected allows for the calculation of the infiltration

parameters using the ‘two-point’ method (Elliott and Walker, 1982), the ‘advance’ technique

using Infiltv5 (Durack, 2001) and more recently IPARM (Gillies and Smith, 2005), which uses

the outflow data as well as advance data to calculate infiltration parameters.

These parameters can be used in simulation software, viz. Sirmod II (Walker, 1999) and/or

SRFRv3.31 (Strelkoff et al., 1998) in order to calculate the corresponding uniformity and

efficiency parameters. This software can be used to predict irrigation performance, for example,

system uniformity and efficiency for gradients, soils, field dimensions, in-row or inter-row

planting. This prediction capability may facilitate the modification of furrow irrigation operational

guidelines and, if necessary, be incorporated in the design and layout, so that performance is

comparable to the other irrigation systems, such as sprinkler and drip.

Both Tilley and Chapman (1999) and Raine (2006) state that the software which is currently used

in Australia (Sirmod II) is used mostly for showing farmers the benefits of management practices

and has been very effective in this regard.  An area of concern, however, is the accuracy of the

calculated infiltration parameters and their representativeness over the field, but with use, the

procedures involved can be refined to give accurate values (Griffiths and Lecler, 2001).

3.2 Overhead Sprinklers

In the sprinkler method of irrigation, water is applied above the ground surface as a spray

somewhat resembling rainfall. The spray is developed by the flow of water under pressure through

small orifices or nozzles. The pressure is usually obtained by pumping, and the irrigation water

is distributed to the field through pipelines (ARC-ILI, 2004b).
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 There are a variety of systems within the overhead sprinkler group, mainly, the moving centre

pivot, the hand-move impact sprinkler and the static floppy sprinkler systems, all of which will

be discussed in the following sections.

3.2.1 Centre pivot

A centre pivot is an automated moving system, consisting of steel frames and pipes which are

supported at approximately 50 metre intervals by an A-frame on 2 wheels, which rotate around

a central pivot point. Griffiths and Lecler (2001) recommend that a radial line of rain-gauges be

laid out along the entire length of the centre pivot in order to determine the uniformity. Individual

sprinklers are selected and flows are measured, to check against the flow required at those

positions for the given system capacity. The water application intensity at the outer-edge can also

be measured. Time and distance measurements are used to assess the accuracy of the system

controller settings.

Kinkaid (2002) stated that a key aspect of centre pivot performance is the adequacy with which

the application rate of the centre pivot is matched to the infiltration rate of the soil, taking into

consideration the effect of soil surface sealing from water droplet impact. This can be measured

during an evaluation using a specialised infiltrometer apparatus (ARC-ILI, 1984). This apparatus

can also be used to determine and also check design specifications, including:

• the maximum size of a centre pivot, for

• a given wetted bandwidth of the sprinkler, 

• soil type

• highest daily crop water requirements. 

The evaluation procedures used for centre pivot systems are detailed by, inter alia, USDA (1997),

ASAE S436.1, (1998), Koegelenberg and Breedt (2003) and Page Bloomer and Associates (2006).

Software from the International Training and Research Centre (ITRC, 2000) and CpED

(Heermann, 2000) can be used to check both design and uniformity, but it is noted that this

software requires input in American Imperial (AI) units.
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3.2.2 Static and hand-move sprinklers

The in-field static (floppy) and hand-move sprinkler systems includes the following hardware; the

sprinkler, the standpipe and the lateral pipe. The main difference between the static (floppy) and

hand-move systems, is that the lateral pipe for the static is buried while the hand-move system

lateral is above ground and moveable. For sprinkler irrigation the design parameters which may

affect uniform water application include: incorrect spacing and/or orientation of sprinklers,

mismatched standing times, flow hydraulics and nozzle wear. Rain-gauges are positioned in a grid

system in order to check the uniformity of water distribution. Pressures need to be measured at

the sprinkler, together with the flow rate. Special measurement tools can be used to quantify the

wear of the nozzle, which as King et al.,(2000) state, is extremely important and will result in.

• increase droplet sizes, 

• decrease the overall system discharge pressures,

• affect the sprinkler spray patterns,

• decrease the uniformity of water application,

• increase pipe friction losses,

• change the pump operating point and efficiency, and thereby

• contribute to increased pumping costs to the farmer in addition to any yield reductions.

Griffiths and Lecler (2001) note the procedures involved in evaluating sprinkler systems are

explained adequately in Simpson and Reinders (1999), Koegelennberg and Breedt (2003) and also

Page Bloomer and Associated (2006), which use internationally recognised performance

standards.  Software that can be used to simulate performance includes Spinkmod (Allen, 2001),

which can be used to check the hydraulic design of the scheme and Catch3D (Allen 2001) which

can be used to calculate the uniformities due to different sprinkler layouts/spacings, wind and

operating pressures. Once again it must be noted that the two afore mentioned software programs

require input in the form of AI units.
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3.3 Drip systems

Burt and Styles (1999) explained that drip irrigation delivers water directly to small areas adjacent

to individual plants through emitters placed along a water delivery line (called a lateral). Typical

components for drip systems include a pump, filters, chemical injectors, main and submain lines,

laterals and emitters (Griffiths and Lecler, 2001).

The emitters have very small flow orifices and therefore blockage problems are regularly

experienced. Blockages usually originate because of poor water quality which should already be

identified in the design phase, so that preventive maintenance can be taken (Koegelenburg and

Breedt, 2003).

There are many variations of drip systems. The one of interest is known as sub-surface drip (SSD)

irrigation. Magwenzi (2000) notes that this is a system which supplies filtered water and

chemicals, directly into the soil profile and to the roots of the crop through evenly spaced emitters

contained in a lateral of drip line, with the laterals buried 10 to 20 centimetres below the ground

surface. The laterals are evenly spaced along a submain.

The evaluation procedure that may be followed is based on the standards in USDA (1997),  ASAE

EP 458, (1998), Burt and Styles (1999), Koegelenberg and Breedt (2003), and Page Bloomer and

Associates (2006). Software available from the Irrigation Training and Research Center (ITRC,

2000) can also be used for calculation of system uniformity of the system, if the input values are

in AI units.

Griffiths and Lecler (2001) state that pressures and flows are two important aspects in SSD

irrigation which can influence uniformity adversely. Up to thirty reference points are chosen in

the field, with five emitters along each of six laterals where the emitter flow is measured. If the

flow uniformity is below 80% then it is advised that pressures be taken along the lateral (Burt et

al., 1998). The pressures either side of the delivery valve to the field are read so as to compare

against design criteria. The flushing velocity is measured using an in-line flowmeter.
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When the pressure variation down the laterals are combined with the flow variation from emitters,

these readings can be used to quantify whether emitter flow variation is due to hydraulics or

emitter  blockages. If emitter blockages are found to be a major problem, methods to help prevent

the situation worsening further are recommended. The causes of the blockages can include poor

design leading to inadequate flushing velocities, incorrect filtration, poor water sources and pump

intake arrangements, and/or inadequate or inappropriate water treatment and routine maintenance

(ASAE EP 458, 1998).

Research conducted by the ARC-ILI in South Africa, on the performance of drip irrigation under

field conditions, concluded that the quality of water used for drip irrigation was extremely

important and suggested that water analysis be conducted annually to identify possible clogging

hazards (Anon, 2002). Griffiths and Lecler (2001) also recommend that monthly water samples

be submitted by farmers that use drip irrigation systems. In this way a detailed record can be kept

which can be analysed to show which parts of the year a particular treatment may be more

effective than another.

Lamm (2006) notes that the ASAE EP 458 was actually withdrawn, as a standard, in 2001, due

to the fact that there was no consensus over whether the “plugging” issue was being dealt with

adequately, and if the standard was being used correctly. However, it is acknowledged that the

standard is still in use.
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4.       IRRIGATION SYSTEM PERFORMANCE

It is acknowledged that the results obtained through irrigation system evaluation by different

researchers, institutions, and/or organisations, will not always be easily comparable. This may be

due to the subtle differences in evaluation methodology, performance parameter interpretation and

calculation. However, it does give a good indication of the relative performance of an irrigation

system to a farmer and will help with the selection, management and design of an irrigation

system.

It is pertinent, to have a potential value or benchmark for the performance parameter in question

(Clemmens and Dedrick, 1994). Table 4.1 contains the potential application efficiencies for well-

designed and managed irrigation systems. Griffiths and Lecler (2001) show potential field

uniformity values for moderately well designed and managed irrigation systems in Table 4.2.

Some results of the efficiency and uniformity values attained from evaluations of different

irrigation systems are reported in the following sections, together with Table 4.3 which presents

a summary of the evaluation results.

Table 4.1 Typical potential application efficiencies for well designed and managed systems

(after Clemmens and Dedrick 1994)

Irrigation System Potential Application Efficiency (%)

Furrow 50 - 70

Sub-surface Drip 85 - 90

Center Pivot 75 - 90

Hand Move Sprinkler 65 - 85

Solid Set Sprinkler 70 - 85

It must be noted that the AE for sub-surface drip can be quite difficult to determine using standard

evaluation methodology, however, studies have shown that on average, AE values of over 80%

can be regularly attained. This can be attributed to the fact that water can be applied by the

system, to a specific point for a specific period of time and therefore only apply water when

needed (Magwenzi, 2000).
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Table 4.2 Potential field uniformity values for moderately well designed and managed

irrigation systems (after Griffiths and Lecler 2001)

Irrigation System Potential Field DUlq (%) Potential Field CU (%)

Furrow 65 - 87 78 - 91

Sub-surface Drip 86 - 90 -

Center Pivot 78 - 90 86 - 94

Hand Move Sprinkler 70 - 86 81 - 91

Solid Set Sprinkler 73 - 86 83 - 91

4.1 Furrow

Horst et al., (2005) conducted field evaluations in farmer managed fields in Uzbekistan. The DUlq

values were generally high, with a range of 65.3%-94.5%, giving an average of 83%, thus

indicating appropriate system performance, but the AE values were low ranging from 36.7% -

80.8%, with an average of less than 50%, thus indicating poor system management. The causes

for low AE were found to relate to very high advance times, short intervals between irrigations,

and excess water application related to extended cut-off times.

Smith et al., (2005) analysed the results from the evaluation of 79 furrow irrigation events

conducted by Australian cotton farmers using their usual practices. The AE values were shown

to vary widely and on average to be much lower than desirable, with a mean of 48% and range

from 17 to 100%. With the use of SIRMOD, it was shown that AE could be increased

substantially by the application of simple, inexpensive irrigation management practices involving

increased furrow flow rates and reduced irrigation times. After collecting data from 30

commercial irrigations in Australia, Bakker et al., (2006) determined that the AE range of 36% -

81%, with a median of 61%, could be improved, with gains up to 20%, using the SIRMOD

simulation software.

Magwenzi (2000) evaluated fields in the Swaziland sugar industry. DUlq values ranged from 67%

to 97% with an average of 84%. AE values ranging from 48% to 74% with a mean of 67%. It was

found that the in-row furrow irrigation events had lower AE values. Soil infiltration rate is a major
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factor affecting AE and uniformity on more permeable soils. The computer model SIRMOD, is

a valuable tool for identifying correct design and operating parameters that maximise AE, such

as correct cut-off times and furrow flow rates.

In the western United States (California), a project was undertaken, which evaluated 385

irrigation systems, 15 of these were furrow systems. DUlq was the primary measure for evaluating

performance. Pitts et al., (1996) calculated the mean DUlq to be 70% for the furrow systems.

4.2 Overhead Sprinkler

Ascough and Kiker (2002) conducted evaluations on different irrigation systems in the sugar

industry in South Africa. Five centre pivot systems were evaluated with an average DUlq of 81.4%

and an average AE of 83.6%. Seven hand-move sprinkler systems gave an average DUlq of 56.9%

and an average AE of 78.9%, with three floppy systems giving an average DUlq of 67.4%, with

an average AE of 76.7%. Irrigation systems that were well maintained and correctly operated

generally had a high and acceptable DUlq.

Griffiths and Lecler (2001) conducted seven evaluations on overhead floppy systems in

Zimbabwe and found that the average DUlq was 65%, with an average CU of 74%. They

discovered a direct correlation between pressure and uniformity and that well designed and

installed floppy systems performed well (DUlq 78%; CU 84%).

Nineteen hand-move systems and eight centre pivot systems were evaluated in the Swaziland

sugar industry (Magwenzi 2000). Under moderate wind conditions the DUlq for the hand-move

system had an average value of 65%. The AE had a wide range of 49% to 88%, in comparison to

a perceived efficiency of 75%. The centre pivots achieved high AE’s of 72% to 86% and an

average DUlq, of 72%, although run-off losses were not measured which may result in the actual

uniformity of the soil and application efficiencies being lower than those calculated.

159 evaluations were conducted on overhead systems in California, by Pitts et al., (1996), with

an average DUlq of 65%. In this study all overhead systems, such as centre pivot, impact sprinkler,

and hand-move sprinkler, were combined.
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4.3 Sub-surface Drip

Magwenzi (2000) measured the performance of nine different SSD irrigation fields and found a

range of DUlq from a low of 35% to a high of 81%, giving an average of 62%. This was found to

be due to bad system design and emitter clogging, which was attributed to water quality and bad

maintenance schedules. However, the AE values gave an average of 95%, due to the fact that most

of the fields were under-irrigated.

Of the 23 drip fields evaluated by Griffiths and Lecler (2001), the lowest DUlq of 33% was

measured, and the highest of 94%. The average DUlq for all systems was calculated to be 80%.

Only eleven systems were above the prescribed 86%, which was deemed attainable for moderately

well designed and managed drip irrigation systems. It was noted that uniformity does decrease

with the age of the system, notably when preventative maintenance was not practised.

The California Polytechnic  ITRC evaluated over 500 drip irrigation systems in California, using

their mobile laboratories. A section of the results, which included 162 systems, was analysed.

DUlq values ranging from 44% to 98% were found, with an average DUlq value of 82%. Incorrect

design, non-existent water quality checks and bad system maintenance were the main cause of the

low DUlq values (ITRC, 2000). The DUlq average for the 174 micro system evaluations, carried

out by Pitts et al., (1996), was 70%. Seventy five percent of the systems had DUlq’s below 85%,

which implies that the potential water saving benefit of micro-irrigation is not being fully realised.

Significant improvement in DUlq was achievable primarily by increased system maintenance.

Table 4.3 Summary of the evaluation results

Irrigation System Average DUlq (%) Average AE (%)

Furrow 79 57

Centre Pivot 73 86

Static (Floppy) Sprinkler 66* 77

Hand-move Sprinkler 72 73

Sub-surface Drip 74 -*
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5.       DISCUSSION AND CONCLUSIONS

There is a move, internationally, to develop a standardised approach when dealing with the

interpretation and calculation of the performance parameters in irrigation. The idea of a “water

balance” within an irrigation system, whether it be flood, overhead or drip, seems to be

universally accepted. Although the South African project is not yet concluded, and the fact that

it is largely based on the Burt et al., (1997) definitions, it will be comprehensive and up-to-date.

It has taken other researchers sentiments into consideration and is positioned to provide the farmer

with a comprehensive and detailed tool, to enhance productivity.

The concept of including the three terms, i.e. of efficiency, uniformity and adequacy, in reports

on irrigation system performance makes the most sense, as it gives an overall picture of what is

actually happening, with regards the amount of water applied and the distribution within a field.

There also needs to be a balance between an irrigation systems efficiency, uniformity and

adequacy, with the economics and suitability under local operating conditions, of attaining the

best values for these parameters, being the eventual determining factor.

There are a multitude of factors which can affect the uniformity of an irrigation system. Whereas

some of these factors can not be changed, the vast majority can. This means that a farmer can

increase the productivity of the cropping system, by monitoring their irrigation system. This is

the main reason for evaluating a working irrigation unit. A farmer will definitely derive a benefit

from having the irrigation system evaluated. This benefit could be realised through immediate

remedial work on the system, or through the introduction of well planned maintenance and/or

irrigation schedules, thus ensuring a long-term benefit to the farmer.

There are a host of publications containing methodologies for the evaluation of  irrigation

systems. The benefit of this, is that an evaluator can chose the applicable evaluation methodology

which can ensure the collection of accurate and sufficient data, under the local operating

conditions, in order to calculate selected performance parameters.



29

Only a limited number of studies contained quantitative results, although there are enough data

sets, to enable comparison between the studies. Of the three broader types of irrigation, i.e. drip,

flood and overhead, more results from flood irrigation are available. However there is a concerted

effort, to evaluate and review more of  the other types, as farmers need the information to make

comparative decisions.

Making comparisons between the potential and actual DUlq and AE values in Table 4.1, 4.2 and

4.3, it is noted that the AE values of the furrow (57%), centre pivot (86%), hand-move (73%) and

static (77%) sprinkler systems were within the potential AE ranges stated. The sub-surface drip

system only had one study where AE was measured, with the value being above the design norms.

It must however be noted that this particular AE value is high (95%) due to under-watering of the

crop, which by definition, is therefore not providing the crop with enough water and will affect

the economics of the farmers production system.

With regards the DUlq values, only furrow (79%) and hand-move sprinkler (72%) systems were

within the design norms, with centre pivot (73%), static sprinkler (66%) and sub-surface drip

(74%) being below their respective design norms. The static sprinkler had a limited number of

evaluations conducted, so thus could have contributed to a skewed lower DUlq value.

From the aforementioned studies, various factors have been given as reasons for the AE and DUlq

values not being as high as an evaluator would like. These reasons can be grouped into the

following; poor irrigation system design, poor irrigation system management, non-existent or

inadequate maintenance schedules and non-existent water testing procedures. As previously

stated, these factors can be dealt with, resulting in the improvement of an irrigation systems’

performance which will benefit the farmer, providing a more cost effective and efficient crop

production system.

To summarise the literature and conclude:

• Studies are currently underway, to standardise the calculation and interpretation of

performance parameters within an irrigation system,

• The adequacy, efficiency and uniformity of irrigation systems should be reported jointly,
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not as individual parameters,

• Out of the many evaluation methodology procedures, a method should be chosen which

is  simple and effective so as to enable the evaluator to accurately attain the information

needed to calculate the required performance parameters

• The farmer is the main beneficiary when evaluating an irrigation system, thus a basic but

comprehensive report detailing the computed performance parameters (and compared to

international norms), remedial measures to improve performance, maintenance regimes,

and if possible scheduling must be the end product. The report should also be able to be

used by the farmer to determine whether a certain irrigation system is economically

beneficial, compared to another.
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