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Abstract

The complexity of irrigation systems and the need to adapt them to uncertainties

requires developing approaches to synthesize their performances. This paper reviews

performance assessment and indicators for agricultural water systems. It is aimed at

finding various methods and indices used for irrigation performance assessment and

standard classes for their characterization. The global application of the metrics was

also documented. Adopting a systematic review approach, peer-reviewed journal

articles published in the English language in the last two decades (1 March 2001 to

31 December 2020) were surveyed. Case studies were presented demonstrating the

application of the indicators. The study revealed a lack of standardization and the use

of a wide range of indicators among others, and recommended representing certain

indicators as single. However, this review considered one indicator as the best. Sug-

gestions for further studies were made.
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Highlights

• A systematic review of methods and indices for agricultural performance assess-

ments was conducted.

• Performance indicators are applied globally in small and large agricultural systems

under different spatial and temporal scales, scales of analysis, and management

types.

• Some categories of PIs need further studies to come up with a single PI that will

represent them.
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1 | INTRODUCTION

Water management becomes complex because of uncertainties asso-

ciated with climate change and population growth, and thus

performance improvements of water systems, especially irrigated agri-

culture (Ghahroodi et al., 2015), is a step forward in dealing with the

pressure on water resources (Akhbari & Grigg, 2013; Kifle

et al., 2017). The complexity of water systems and the need to adapt
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them to changing conditions require developing approaches able to

synthesize system performance (performance assessment) through

specific parameters measured or evaluated by numerical models (per-

formance indicators). Irrigation performance is essential because both

donors and communities are interested in knowing if the interventions

or investments made have a measurable effect on the projects. At the

same time, implementing agencies want to demonstrate success. This

is achieved by the use of indicators.

In our context, performance assessment (PA) is defined as evaluat-

ing the resource use and the efficacy or achievements of processes

involved (Neely et al., 2005). Similarly, performance indicators (PIs) are

quantitative measures of the performance of a system, in that it

reveals information about an entity in the form of a value or parameter

(Vieira et al., 2015). PA aims to ensure the efficient and effective use

of resources by providing appropriate feedback to the management at

all levels (Bos et al., 2005; Small & Svendsen, 1990). PA has played an

enormous role in water resources management and design, in that they

allow a basis for comparing similar systems (Dejen et al., 2012;

Kazbekov et al., 2009) or identifying areas with potential for improve-

ments (García-Bolaños et al., 2011; Van Halsema et al., 2011), provides

a framework for monitoring progress (Mateos et al., 2010), and inform

investment decisions (Dembele et al., 2012). Similarly, PIs play an

important role in attaining sustainable development, in that they help

in disseminating information, simplifying complex scientific data

(Bastiaanssen et al., 2001; Brown et al., 2015; UN-Water, 2006), and

informing decision-makers on the status of the water system in ques-

tion (Bos et al., 2005). Therefore, consistent PA is essential for sustain-

ability because it is almost impossible to properly inform decision-

makers, implementing agencies, or donor agencies if little or no knowl-

edge of how existing schemes perform (Dembele et al., 2012). For

example, using PIs, large-scale irrigation's low performance had

diverted donors' and governments' attention from large irrigation

schemes (Borgia et al., 2012). Many case studies showed an actual

state of the systems or evidence of improvement after analysing irriga-

tion systems using the reviewed PIs, for example, in Awulachew &

Ayana (2011). Research had used indicators to assess how water is dis-

tributed among small farm holders (Abou Kheira, 2009; Abuzar

et al., 2017; Agam et al., 2013; Ahadi et al., 2013; Ahmed et al., 2010;

Awan et al., 2011; Awulachew & Ayana, 2011; Sánchez et al., 2015a;

Setegn et al., 2011) or upstream with downstream farmers (Ahmad

et al., 2017; Shanono et al., 2014).

Because of its great importance and wide acceptability, PA has

been applied globally to improve the performance of irrigated agricul-

ture in Africa (Ahmad et al., 2017; Al Zayed et al., 2015), Asia

(Chandran & Ambili, 2016; Jiang et al., 2015), Europe (Andrés &

Cuchí, 2014; Moreno-Pérez & Roldán-Cañas, 2013), North America

(Ahadi et al., 2013; Lecina et al., 2011), South America (Bastiaanssen

et al., 2001) and Oceania (Abuzar et al., 2019) covering various

standpoints—from researchers, donors, farmers, irrigation managers

and government (Carr et al., 2012; Chandran & Ambili, 2016).

The choice of PA is influenced by whether it examines internal

objectives (in terms of analysing a system, e.g., Kuscu et al., 2009) or

external objectives (by looking at two or more different systems

(e.g., Dejen et al. [2012]). It is also influenced by the purposes of the

PA as reported by Bos et al. (2005) that categorized the purpose into;

accountability PA (e.g., Akkuzu et al., 2007; Kazbekov et al., 2009;

Kukul et al., 2008; Lorite et al., 2012), diagnostic PA (e.g., Abou

Kheira, 2009; Ahmad et al., 2009; Gomo et al., 2014; Van Halsema

et al., 2011; Zema et al., 2019; Zwart & Leclert, 2010), intervention

PA (Barros et al., 2011; García-Garizábal et al., 2011;

Jayatillake, 2004; Mateos et al., 2010; Merchán et al., 2015;

Vandersypen et al., 2006), operational PA (e.g., Ahadi et al., 2013;

Ahmad et al., 2017; Al Zayed & Elagib, 2017; Bandara, 2003; Dejen

et al., 2015; Lorite et al., 2004; Taghvaeian et al., 2018) and sustain-

ability PA (e.g., Yilmaz & Harmancioglu, 2010). Defining the extent or

boundaries of PA to effectively evaluate performance is pertinent.

This is achieved by relating it to spatial (area or number of schemes

covered) and temporal (duration of the PA) scales. Other boundaries

relate to if PA cover technical aspects only, or if it should include insti-

tutional and financial aspects (Bos et al., 2005).

Data are crucial to PA. The sources of data used as input in PA

are many. The main sources are ground measurements (e.g., Dejen

et al., 2015; Dembele et al., 2012; Ghahroodi et al., 2015; Mateos

et al., 2010; Phengphaengsy & Okudaira, 2008; Rowshon et al., 2011;

Sekyi-annan et al., 2018), remote sensing (Akbari et al., 2007; Karatas

et al., 2009; Kharrou et al., 2013; Ray et al., 2002; Santos et al., 2010;

Segovia-cardozo et al., 2019; Usman et al., 2015; Zwart &

Leclert, 2010) and a combination of the two (Ahadi et al., 2013;

Ahmad et al., 2009; Ahmed et al., 2010; Awulachew & Ayana, 2011;

Bastiaanssen et al., 2001; Hamid et al., 2011; Lecina et al., 2011;

Taghvaeian et al., 2018). Also, simulation models were used, but they

are unpopular because of inadequate data for calibration and valida-

tion, hence the use of water balance models (Santos et al., 2010). For

a successful PA, many factors, such as, socioeconomic and political

have to be taken into cognizance in addition to the technical factors

(Boelens & Vos, 2012; Gain & Giupponi, 2015; Vilanova et al., 2015;

Wichelns, 2014; Yadav et al., 2014; Zhou et al., 2017).

Despite increasing literature on PA and PIs (e.g., Elshaikh

et al., 2018), further understanding of their application in the agricul-

tural context is crucial for sustainability. This paper presents a system-

atic review of literature on PA and PIs to identify (1) the varied

methods and indices used to assess agricultural water use, (2) differ-

ences in scale of analysis focusing on where why, and for how long

and (3) to characterize the state of knowledge on performance types.

Specifically, our objectives address the following research questions;

what are various methods and indices used for agricultural water PA?

What are the common classes for organizing indicators that measure

agricultural water performance? Towards achieving these objectives,

several studies and techniques were reviewed. The theoretical aspect

of PA and PIs was discussed, then types of PA concerning how it

applied to irrigation systems by examining some case studies

described in the literature were presented. Moreover, different

sources of data used in evaluating the PIs were explored. Relevant

questions were considered, including the most popular PIs and their

characterization. The limitations of this review are that only PA for

agricultural systems and related to technical aspects (state of drainage
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and irrigation infrastructure and water management) were considered.

PA for urban systems and catchment is excluded because agriculture,

urban, and catchment have such different end goals and needs. More-

over, social and financial aspects are beyond the scope of this article

because they require a different approach for computing their PIs, for

example, data envelopment analysis (DEA).

2 | METHODS

This paper adopts a systematic review approach to study recent litera-

ture on performance assessment and indicators for agricultural water

management. The following questions guided the search: what are the

various methods and indices used for irrigation performance assess-

ment? What are the common classes for organizing indicators for

measuring irrigation performance? Peer-reviewed journal articles pub-

lished in the English language in the last two decades (1 March 2001

to 31 December 2020) that employed indices in evaluating the perfor-

mance of irrigation systems were surveyed. Peer-reviewed articles

were chosen as data source because of their rigorous scientific nature

and their easy accessibility for consistent evaluation and knowledge

tracking over time (McDowell et al., 2014). To further guide the

search in conformity with answering the research questions as stated

previously, the following search terms were developed and used in

the database of ISI Web of Science: ‘(performance indicators) AND

(irrigation) AND (water management)’.
Inclusion/exclusion criteria were employed to confirm that

reviewed articles have a significant emphasis on performance assess-

ment and indicators for agricultural water management as tabulated in

Table 1. To ensure that the majority of related papers were surveyed,

an iterative approach was employed as done by McDowell et al.

(2014) and is described below.

The initial keyword search produced 335 possible citations.

Results were imported into EndNote, and duplicates were removed.

Titles of the remaining 331 articles were studied, and articles not rele-

vant were removed (e.g., articles focus on benchmarking, and, urban

and environmental systems were not considered). Environmental per-

formance indicators were left out of the study because they usually

have higher uncertainty (C�orcoles et al., 2010).

Inclusion/exclusion criteria were applied to the remaining 126 rel-

evant abstracts to make sure they are appropriate for a full review.

Finally, 59 papers were reviewed fully and were used as the source

for a secondary backward/forward citation-tracking search. Thereaf-

ter, another inclusion/exclusion criterion was employed to produce

23 more studies by citation tracking included for a full review. In all,

82 relevant articles were selected for the review, but 10 articles were

removed based on the exclusion criterion. Consequently, 72 related

articles were finally reviewed. The analysis was conducted in line with

the questions posed and the indicators were categorized as defined

by Bos et al. (2005).

To ensure credibility in the manner data was extracted, a ques-

tionnaire and codebook were employed to review the document. The

questionnaire was intended to extract important features regarding

the articles and performance assessment and indicators, while the

codebook presented explanations of basic questions and feasible

answers. Errors arising from researchers' subjectivity were minimized

using the tactics employed by McDowell et al. (2014). Data derived

from the questionnaire and codebook analysis were processed in

Excel to quantify the study findings. Details on research materials and

procedures can be found in the supplementary materials. Final scru-

tiny of the remaining 72 papers revealed 52 different indicators used

for PA evaluated 288 times. This is so because individual articles have

used multiple PIs.

The lists of publications within the databases are not comprehen-

sive as they may exclude articles in which PIs were used to assess per-

formance in a non-explicit manner.

3 | RESULTS

Information regarding publication details was extracted and quantified

(i.e. case studies, what indicators were used, data sources, and at what

temporal and spatial scale). There is an indication of a growing number

of articles on PA and PIs for irrigation water management in peer-

reviewed journals over the last two decades. Yet the total number of

articles with this focus remain low (n = 72) (Figure 1). The first

authors were mainly affiliated with academic institutions (Figure 2)

and the majority are based in Europe (Figure 3). In terms of geographi-

cal coverage of the publications, PIs were applied mainly in Asia and

are discussed in detail and presented as a map in Section 4.5.

Fifty-two (52) different PIs analysed two-hundred-and-eighty-

eight (288) times were documented (Figure 4). Note that only metrics

TABLE 1 Inclusion/exclusion criteria for the systematic literature
review as adopted in this study.

S/no. Inclusion Exclusion

1. Peer-reviewed Significant focus on

benchmark techniques and

DEA

2. In the English language Future projections/

hypothetical scenarios

3. Published on or after 13

March 2001/on or before

31 December 2020

Evaluating economic

indicators, financial

indicators, production

indicators, and energy use

indicators

4. Primary focus on PA and

PIs

PIs not clearly stated with

indices and/or equations

5. Presence of assessment

instruments; indices/

indicators

Papers assessing financial

indicators and level of

farmer's satisfaction

6. - Papers whose conclusions

depend on indicators such

as financial indicators,

production indicators, and

energy use indicators.
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or indices appearing more than two times were plotted for clarity.

Most of the PIs were evaluated using data from field measurements

and in some cases using remote sensing or combination of two

(Figure 5). PA is employed to cover either a single irrigation season or

multiple seasons (Figure 6). Many PAs were done at the level of irriga-

tion scheme, farm level, basin level or a combination of the three

levels (Figure 7). The irrigation systems reported are managed pre-

dominantly by the governments and some are community-managed.

Other forms of management employed were documented (Figure 8).

Characterizing the consulted literature based on their classification

revealed that operational PA dominated with a very small number of

sustainability-based PA. (Figure 9). A comprehensive analysis of the

results is shown in the supporting information.

The review identified Haie's (2021) Sefficiency chosen by the US

government as the best form of efficiency indicator. This Sefficiency

(which is a contraction of Sustainable efficiency) computes the perfor-

mance of a water system, such as an irrigated region, from both the

supply and the demand side. It comprehensively unifies water quan-

tity, quality and benefits; hence, transparency increases and water

consumption pressures and impacts become more visible. It also inte-

grates and quantifies various levels of water management (e.g., two

levels: farm and sub-basin) thereby engaging all stakeholders in a

transparent process of decision-making at various levels of

governance.

F IGURE 1 Number of publications over
the last two decades. Note: 2001 = only
articles from 1 March 2001 = only articles
until 31 December 2020.

F IGURE 2 First authors' institutional
affiliation.

F IGURE 3 First authors' affiliation by continent (no recorded
work from Antarctica).
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4 | DISCUSSION

4.1 | Performance indicators (PIs): Conceptual
framework

A synthesis of what the reviewed papers identified as PIs is presented

here. Several definitions were proposed by different authors in the

context of water management in general, and irrigation water man-

agement in particular. Vieira et al. (2008) defined PI as ‘[…] a quantita-

tive measure of the effectiveness and efficiency of a specific aspect of

service delivered by a water supplier’. Based on irrigation perspective,

Soto-García et al. (2013) defined PIs as ‘ratios that describe a variety

of irrigation domains (inputs, processes, outputs, impacts, etc.)

through relating variables in such a way that a large amount of

F IGURE 4 Metrics and indices
evaluated.

F IGURE 5 Data source.

F IGURE 6 Temporal scale of analysis.
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information is reduced to a single annual index’. Similarly, Bos &

Nugteren (1990) defined PIs as indices describing the behaviour of

irrigation schemes through a few understandable numbers.

Awulachew & Ayana (2011) described PIs as a measure of current

achievements attained for the objective(s) of irrigation. Also, Bandara

(2003) identified PIs as those depicting system performance in

F IGURE 7 Spatial scale of analysis.

F IGURE 8 Types of management

employed in the systems.

F IGURE 9 Primary performance assessment
classification performance assessment (PA).
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different dimensions used by decision-makers. Even though few and

selective, the above definitions represent sum up the definition given

by authors. In conclusion, different authors have accepted these defi-

nitions and used them in agricultural water management domain.

The nine most frequently used PIs across all papers according to

this review are efficiency, water productivity, relative irrigation supply,

relative water supply, equity, adequacy, relative ET, depleted fraction,

dependability and annual relative irrigation supply. These PIs are

important because of the frequency of their appearance in the

reviewed papers and what they measure (see Table 2). The PIs were

used in different PAs (details in Section 4.2) and have played a signifi-

cant role in water allocation, in that many have used indicators to

assess how water is distributed between small farm holders (Abou

Kheira, 2009; Abuzar et al., 2017; Agam et al., 2013; Ahadi

et al., 2013; Awan et al., 2011; Awulachew & Ayana, 2011; Sánchez

et al., 2015a; Setegn et al., 2011), upstream versus downstream

farmers (Ahmad et al., 2017; Shanono et al., 2014). Table 2 describes

the set of reviewed indicators that appear the most and what metrics

might be good for measuring them.

Some PIs have the same metric but different concepts (Borsato

et al., 2019), while others are conceptually and computationally the

same (e.g., relative water supply [RWS], cumulative relative water

supply [CRWS] and annual relative water supply [ARWS]). The only

difference is the temporal magnitude, that is, referring to a day, month

or year. These categories of PIs need further studies to come up with

a single PI that will represent them, thereby reducing the use of a

wide range of PIs. This could be achieved by engaging stakeholders

who need to define PIs that could reliably be used to compare differ-

ent water management alternatives, including access to water

resources (Le Grusse et al., 2009) for sustainability. There are also

emerging PIs based on remotely-sensed data.

4.1.1 | Definition of the PIs and their formulae

Although many PIs were reviewed, this section is not intended to dis-

cuss all the PIs, but merely a summary of the first nine most frequently

used PIs including their formulae.

Efficiency

Since the 1930s, the design and operation of irrigation systems have

been analysed using classical irrigation efficiency (CE) (Haie &

Keller, 2014). Israelsen (1932) defined it as the ratio between crop

water requirements and the applied water. Over time, authors

improved and refined this definition (Bos et al., 2005; Burt

et al., 1997; Jensen, 1966, 2007; Keller et al., 1996; Pereira

et al., 2002; Perry, 2007; Van Halsema & Vincent, 2012;

Wichelns, 2002). Presently, several scholars have defined CE as the

ratio of water volume beneficially used by plants to the volume of

water delivered through an irrigation system, adjusted for effective

rainfall and changes in the water storage in the root zone.

CE¼ ET
VA

ð1Þ

where CE = classical efficiency; ET = net crop evapotranspiration;

VA = diverted water.

Nevertheless, CE is insufficient in advancing sustainable design

and management of WUS because of uncertainties involved as a

result of the enormous pressure put on water. Hence, the need for

composite PIs. Consequently, multiple studies have proposed Effec-

tive Efficiency and Net Efficiency that incorporate the variables like

water quality, water reuse, and the distinction between water use and

consumption (Haie & Keller, 2008; Keller et al., 1996). Unfortunately,

the terms are mostly used erroneously (Birkenholtz, 2017; Boelens &

Vos, 2012; Haie, 2016; Heydari, 2014; Jensen, 2007; Lankford, 2012;

Perry, 2007), specifically when dealing with water quality (Ayars &

Schoneman, 2006; Haie & Keller, 2014; Qureshi et al., 2011), and

socio-economic analysis ignored (Keller et al., 1996; Qureshi

et al., 2011; Wichelns, 2002). To avoid that, attention to employing

the correct terminology was drawn (Heydari, 2014; Pereira, 1999;

Perry et al., 2009; Qureshi et al., 2011; Vilanova et al., 2015) using the

conservation of mass law (Frederiksen & Allen, 2011; Pereira

et al., 2012). Hence, the need for PIs that address those shortcomings.

As stated in Section 3, the Sefficiency indicator was identified as the

TABLE 2 PIs and what they measure.

PI
What metrics might be good
for measuring Reference

Efficiency The volume delivered within a

set time to crop water

requirement

Bos et al.

(1994)

Water

productivity

Measures how much water is

consumed to produce yield

Bastiaanssen

& Bos

(1999)

Relative irrigation

supply

Describes temporal coefficient

of variation of evaporative

fraction in a season

Al Zayed et al.

(2015)

Relative water

supply

Assesses the delivery

performance of irrigation

water

Kloezen &

Garcés-

Restrepo

(1998)

Equity Estimates actual water flow

for each irrigated area at

various spatial scales

Molden &

Gates

(1990)

Adequacy Depicts the degree to which a

sufficient amount of water

is provided for the crops'

needs

Ray et al.

(2002).

Relative ET Shows relative decrease in

evapotranspiration revealing

areas where water is short

(water stress)

Bos et al.

(2005).

Depleted fraction Traces water flow from the

intake to the field

Awan et al.

(2011)

Dependability Expresses the extent to which

water application is done as

planned

Hamid et al.

(2011)
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best. A brief on Sefficiency is made here and for details on the formu-

lation of the Sefficiency framework and its application, refer to Haie

and Keller (2012), (2014) and Haie (2016).

The following equations represent different levels of Sefficiency.

MacroEs¼ ETþNRþ i VDþRPð Þ
VUþOSþPP�c VDþRPð Þ

� �
S

ð2Þ

i + c = 1 with i, c � {0, 1}

MesoEs¼ ETþNRþ i RFþRPð Þ
VAþOSþPP�c RFþRPð Þ

� �
S

ð3Þ

MicroEs¼ ETþNR
VAþOSþPP

� �
S

ð4Þ

The two indices i (inflow models) and c (consumptive models) cor-

respond to two water totals: useful inflow and effective consumption.

Each index is either zero or one, with its sum equals to one. Their

appearance before say MesoE shows the type of indicator. For

instance, iMesoE means meso-efficiency and calculated as an inflow

model (i = 1, c = 0). The minimum necessary conditions in using Seffi-

ciency are that useful outflow must be less than useful inflow and

useful consumption must be less than effective consumption. Both

assumptions are met in any kind of agricultural or urban setting.

Figure 10 shows the schematic of WUS indicating the water flow

path types used to define the Sefficiency terminology upon which the

indicators such as in Equations (2)–(4) can be developed.

Water productivity

Water productivity (WP) measures how much water is consumed to

produce yield. WP (grain yield per unit of actual ET) constituted two

parts; physical biomass or yield per unit of water and overall con-

sumed ratio (Bastiaanssen & Bos, 1999). WP was estimated using the

indicator given by

WP¼ Y
ETc

ð5Þ

where WP is water productivity in kg m�3, Y is the seasonal crop fresh

yield in kg ha�1 and ETc is the seasonal crop water consumption by

evapotranspiration, in m3 ha�1.

Relative irrigation supply

Relative irrigation supply (RIS) describes the reliability of water

supply (Bastiaanssen & Bos, 1999) at different time scales and levels

of schemes. It describes the temporal coefficient of variation of evap-

orative fraction in a season. In the case of an arid environment where

rainfall is negligible compared to irrigation supply, RIS could be used

to find the performance of irrigation water supply (Al Zayed

et al., 2015) because it informs managers whether enough supplied

water meets the overall crop demand or not. It is given by Sakthivadi-

vel et al. (1999) as follows:

RIS¼ irrigation supply
irrigation demand

ð6Þ

The volume of irrigation demand (m3/ha) is the same as the

potential ET after deducting effective rainfall. RIS is a suitable PI

for measuring the extent of water shortage or otherwise relative

to demand (Dejen et al., 2012). However, RIS is neither an indica-

tion of the application of the right amount of water in time nor

the water consumed by the crop. But just an indication of the gen-

eral status of supply and demand. It is worthy of note that a RIS

value greater than 1 does not necessarily guarantee adequate

irrigation.

Relative water supply

Relative water supply (RWS) is defined as the ratio of the total water

supply to the total water demand, expressed by ETc. In the same way,

the inverse of RWS called the coefficient of variation signifies reliable

water supplies throughout the cropping season. RWS values from 0.9

to 1.2 (using ETc) suggest satisfactory irrigation efficiency (Moreno-

Pérez & Roldán-Cañas, 2013). RWS is chosen to assess the delivery

performance of irrigation water (Kloezen & Garcés-Restrepo, 1998)

expressed as

F IGURE 10 General schematic of WUS and description of variables as formulated in Sefficiency.
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RWS¼precipitationþ irrigation supply
ETc

ð7Þ

Equity

Equitable allocation of water to various parts of a water system is cen-

tral to equity. Equity indicator (PE) estimates the actual water flow for

each irrigated area at various spatial scales. It is calculated using a

coefficient of variation (CV) of the ratio of water delivered (QD) to

water required (QR) over a region R during the period T, respectively

(Molden & Gates, 1990):

PE ¼1
T

X
T

CVR
QD

QR

� �
ð8Þ

where PE is the performance measure relative to equity; CVR
QD
QR

h i
is

the spatial coefficient of variation of the QD/QR over the region R.

The ideal value of this index is zero. It is worth noting that actual

evapotranspiration is the basis for equity (Bastiaanssen &

Bos, 1999). According to Kharrou et al. (2013), equity is assessed

using average seasonal ETc and their coefficient of variation over

cropped areas.

Adequacy

An abundance of water in an irrigation system is known as adequacy.

It is used to assess the decrease in consumptive water use and to

evaluate the right amount of irrigation water delivery to a selected

command area (Usman et al., 2015). It is also described by Ahmad

et al. (2009) as the capacity to meet the crop water requirements and

depict the degree to which a sufficient amount of water is provided

for crop needs (Ray et al., 2002). Evaporative fraction maps

(Bastiaanssen & Bos, 1999) or average seasonal evaporative fraction

(Usman et al., 2015) are used to evaluate adequacy because it tells the

situation of crop supply. Higher values of evaporative fraction (≥0.8)

show no stress and lower values (<0.8) indicate inadequate moisture

to satisfy crop water. Equation (9) is used to quantify adequacy

(Molden & Gates, 1990).

PA ¼ 1
T

X
T

1
R

X
R

Pað Þ
" #

, Pa ¼QD

QR
≤1 ð9Þ

where PA is the distribution adequacy; Pa is the operation function in

each point (actually defined for any intake structure) related to ade-

quacy, QD and QT are the amount of delivered water (actual amount)

and the amount of water required for an intake canal during the

period of T, respectively.

Relative evapotranspiration

Relative evapotranspiration (RET) shows a relative decrease in evapo-

transpiration revealing areas where water is short (water stress). In

other words, it indicates the existence of crop water deficits. The ratio

of the crop over maximum evapotranspiration gives valuable informa-

tion to the water manager (Bos et al., 2005).

RET is defined as

RET¼ actual evapotranspiration ETcð Þ
potential evapotranspiration ETPð Þ ð10Þ

A critical value of 0.75 having a permissible range of 0.75–1.0 is

allowed for irrigation during the growing season, even though it can

change with time (Kharrou et al., 2013). In a different, but comple-

mentary study, Kharrou et al. (2013) calculated RET in terms of the Kc

ratio as the water stress coefficient or ET deficit. They concluded that

RET indicator is more appropriate when crops are fully covered to

avoid evaporation side effects.

Depleted fraction

Actual water use is related to the amount of water applied through

depleted fraction (DF) (Kharrou et al., 2013). DF traces water flow

from the intake to the field and takes into account the water lost dur-

ing conveyance or as a result of low application efficiency (Awan

et al., 2011). It is particularly attractive as it allows for the comparison

of spatiotemporal situations of consumed water across irrigation net-

works comprehensively. This indicator is defined as

DF¼ ETc

VþPg
ð11Þ

where ETc is the actual evapotranspiration, V (mm) is the volume of

irrigation supply and Pg (mm) is the gross precipitation. Bastiaanssen

et al. (2001) proposed 0.6 as the critical value of DF with an accept-

able range of 0.6–1.1 for arid and semi-arid regions.

Dependability

The extent to which water application is done as planned is defined by

the dependability indicator (DP). It is calculated as the temporal coeffi-

cient of variation of the ratio (QD/QR) over time as in Equation (11)

(Molden & Gates, 1990) and employed by Hamid et al. (2011):

DP ¼1�1=R
XR

CVT QD=QRð Þ ; QD ≤QR ð12Þ

where CVT (QD/QR) is the temporal coefficient of variation of the ratio

(QD/QR) over time T. As DP approaches 1, RIS becomes more uniform

over time T.

4.2 | General categories of PIs

The choice of PA is influenced by what it examined which could be

internal (in terms of analysing a system; e.g., Kuscu et al., 2009) or

external objectives (by looking at two or more different systems;

e.g., Dejen et al., 2012). Therefore, PIs can be grouped into two

(2) main classes: internal and external PIs (Fan et al., 2018). The PIs

can be expressed either as quantitative (in terms of quantities or
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numbers) or qualitative (qualitative approximations of how well the

plots were irrigated or drained) (Borgia et al., 2012). Qualitative PIs

are determined as scores expressed on a scale from 0 to 3 according

to prescribed criteria which are then normalized to 0–1 scale (García-

Bolaños et al., 2011).

4.2.1 | Internal irrigation PIs

Internal irrigation PIs are employed to evaluate internal processes,

i.e. water delivery systems (Dejen et al., 2015) or hydraulic processes

(Akkuzu et al., 2007) of irrigation systems. They are also referred to as

water supply indicators. The aim is to assess whether the system

delivers water at the intended rate in precise time and space and to

evaluate whether water delivery conforms with the set standards.

Adequacy, efficiency, equity, and dependability are the most indica-

tors of internal water delivery performance studied (Akkuzu

et al., 2007; Dejen et al., 2015; Hamid et al., 2011; Kazbekov

et al., 2009; Nam et al., 2016; Ray et al., 2002; Sanaee-Jahromi &

Feyen, 2001; Unal et al., 2004; Usman et al., 2015; Vandersypen

et al., 2006; Zema et al., 2019). Furthermore, there are other PIs used

to assess adequacy and efficiency of water delivery, which include rel-

ative water supply, relative irrigation supply, water delivery ratio, con-

veyance efficiency, relative irrigation supply, depleted fraction and

relative evapotranspiration.

4.2.2 | External PIs

External irrigation PIs are those relating outputs to inputs such as

water and land productivity and irrigation intensities (Borgia

et al., 2012).

4.3 | Performance assessment (PA)

In a general context, performance assessment (PA) involves ‘quantify-
ing the efficiency of resources use and the effectiveness of processes

linked to these actions’ (Bos et al., 1994; Neely et al., 2005). The dis-

cussion on the meaning of efficiency is still ongoing

(Birkenholtz, 2017; Boelens & Vos, 2012; Haie, 2008; Lankford, 2012;

Pereira et al., 2002; Perry, 2007, 2008, 2011). However, efficiency

denotes the extent to which resources of a water utility are utilized

optimally to produce a service (Vieira et al., 2008). Specifically, irriga-

tion PA is concerned with the assessment of water flow paths in irri-

gation systems (Akbari et al., 2007; Al Zayed et al., 2015;

Bandara, 2003), by estimating factors like water inflows and outflows,

water need (crop demand), water use, system losses, crop production

and the extent cultivated.

It is important here to differentiate between the goal of manage-

ment of the system (against which performance is being assessed) and

the goal of the performance assessment process. For instance, sus-

tainability is a goal or normative concern for the water management

of the system. Efficiency, equity, and dependability could be equally

valid goals/concerns. These are usually arrived at by political pro-

cesses and the PA is assessed against them, that is, if equity was the

goal of management, a PA process might assess if that goal was met,

using appropriate indicators. This is different from the purpose of the

PA itself—diagnostic, intervention design, and so on. This is indepen-

dent of the goal/concern.

PA covers various standpoints—from researchers, donors,

farmers, irrigation managers, and government (Carr et al., 2012;

Chandran & Ambili, 2016). PA is viewed differently by different pro-

fessionals, such as hydrologists, biologists and agronomists. However,

the set of PIs is normally similar in different regions regardless of dif-

ferent names and data at hand (Vilanova et al., 2015). Thus, what is

important is choosing the proper set of PIs (Bos et al., 1994) that will

suit the purpose of the PA.

4.4 | Characterization of performance
assessment (PA)

Identifying the class to which a particular PA belongs is essential for its

proper evaluation because PA type is closely associated with the pur-

pose or rationale for that PA. Authors have tried to characterize PA

based on different criteria. However, one interesting characterization

linking PA to performance purpose was done by Small & Svendsen

(1990) into; accountability, intervention, operational, and sustainability

performance. Considering this concept Bos et al. (2005) added an addi-

tional PA as a diagnostic. This paper has attempted to characterize the

consulted literature based on this classification. Table 3 presents the

classification of reviewed articles (n = 72) based on performance

assessment types. It was found that operational PA dominated the lit-

erature with a very small number of sustainability-based PA.

4.5 | Spatial and temporal applications of PA
and PIs

Different types of analysis require different types of PIs. The choice of

PIs is influenced by a lack of sufficient and quantifiable data from which

to create a PI. PIs selected are essentially those for which the variables

needed are obtainable from surveys, measurements and monitoring

(Le Grusse et al., 2009). In this regard, measured or observed data is

very important. Also, the number of PIs required for PA depends on

boundary conditions and purposes of PA (Bos et al., 2005). PIs are used

in different types of analyses for small scales (Gomo et al., 2014) and

large scales irrigation systems (Dejen et al., 2015; Dembele

et al., 2012). However, most of the PIs are applied to all types of irriga-

tion schemes, ranging from simple gravity-fed to highly technical

computer-controlled systems (Gomo et al., 2014).

The PIs were applied in Africa (Ahmad, Haie, Yen, & Tuqan, 2018;

Al Zayed et al., 2015), Asia (Chandran & Ambili, 2016; Rowshon

et al., 2014), Europe (Andrés & Cuchí, 2014; Gadanakis et al., 2015;

Merchán et al., 2015), Middle-east (Yigezu et al., 2013), North
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America (Haie & Keller, 2012; Lecina et al., 2011) and South America

(Ahadi et al., 2013; Angella et al., 2016). The geographical coverage of

the publications is presented in Figure 11.

4.6 | Data sources

In PA, the components of the water balance are estimated either by

employing hydrological field measurements or remote sensing tech-

niques. However, many indicators require incorporating field mea-

surements with spatially distributed measures. Recent developments

in remote sensing (RS) have made it possible to obtain such informa-

tion in a spatially distributed way from satellite imagery.

Despite being most expensive, requiring much time and restricted

to a particular location, field measurements were found to have domi-

nated the literature consulted (Andrés & Cuchí, 2014; Dejen

et al., 2012; Gomo et al., 2014; Jiang et al., 2015; Kharrou et al., 2013;

Mondal & Saleh, 2003; Singh et al., 2006). Although, recent studies

have proven RS as reliable and how it is fast gaining ground in water

management (Bastiaanssen et al., 2001; Singh et al., 2006; Akbari

et al., 2007; Ahmad et al., 2009; Karatas et al., 2009; Rowshon

et al., 2011; Ahadi et al., 2013; Karimi et al., 2013; Usman

et al., 2015), not all users can afford the tool (Tarjuelo et al., 2015),

especially in developing countries. Moreover, resource limitations and

the small size of plots are some of the reasons why this technology

could not be used (Gomo et al., 2014). Table 4 presents references

based on the data sources.

Across the globe, some of the publications include Ahadi

et al., 2013; Semmens et al. (2016) in the United States; Toureiro et al.

(2017) in Portugal; Santos et al. (2010) in Spain; Karatas et al. (2009) in

Turkey; and Bastiaanssen et al. (2001) in South America. In Asian coun-

tries studies were conducted in such places as Afghanistan (Karimi

et al., 2013), India (Ray et al., 2002; Singh et al., 2006), China (Jiang

et al., 2015; Karimi et al., 2013), Malaysia (Rowshon et al., 2011),

Pakistan (Ahmad et al., 2009; Usman et al., 2015), Iran (Akbari

et al., 2007) and Uzbekistan (Awan et al., 2011). Moreover, African

countries were found to be the least; Ethiopia (Setegn et al., 2011),

Mali (Zwart & Leclert, 2010), Morocco (Kharrou et al., 2013),

South Africa (Hellegers et al., 2010), Sudan (Ahmed et al., 2010; Al

Zayed et al., 2015; Al Zayed & Elagib, 2017; Hamid et al., 2011). The

low economic status and poor funding of research are some of the rea-

sons for lack of researches in Africa and some Asian countries. Impact

all the studies in Africa and some Asian countries were done in devel-

oped countries like The Netherlands (Hamid et al., 2011; Hellegers

et al., 2010; Karimi et al., 2013), Germany (Al Zayed et al., 2015; Al

Zayed & Elagib, 2017) and Japan (Ahmed et al., 2010). However, more

research is needed to establish this assertion.

4.7 | Application of the developed PIs: Some
selected case studies

This subsection highlighted how well the developed PIs have worked

for PAs considering some case studies (Table 5). PIs have proved very

TABLE 3 Classification of reviewed articles (n = 72) based on performance assessment types.a

Classes of PA Definition References

Accountability Evaluate the performance of managers of the

scheme

Akkuzu et al., 2007; Kukul et al., 2008; Kuşçu et al., 2008; Karatas et al., 2009;

Kazbekov et al., 2009; Kuscu et al., 2009; Uysal & Atiş, 2010; Awan

et al., 2011; Dejen et al., 2012; Lorite et al., 2012; Ahmad et al., 2017

Diagnostic Pin-point reason(s) of performance for

improvements to be made or present levels

maintained

Abera et al., 2019; Abou Kheira, 2009; Ahmad et al., 2009; Ahmed et al., 2010;

Alexandridis et al., 2014; Andrés & Cuchí, 2014; Awada et al., 2019;

Awulachew & Ayana, 2011; Bastiaanssen et al., 2001; Fan et al., 2018;

García-Bolaños et al., 2011; Gomo et al., 2014; Gonzalez-Dugo et al., 2015;

Haj-amor et al., 2018; Jiang et al., 2015; Kharrou et al., 2013; Kifle

et al., 2017; Lecina et al., 2011; Moreno-Pérez & Roldán-Cañas, 2013; Ray

et al., 2002; Sekyi-annan et al., 2018; Shahrokhnia & Olyan-ghiasi, 2019; Van

Halsema et al., 2011; Zema et al., 2019; Zwart & Leclert, 2010

Intervention Impact of rehabilitation or transformation from

one system to another

Barros et al., 2011; García-Garizábal et al., 2011; Jayatillake, 2004; Mateos

et al., 2010; Merchán et al., 2015; Vandersypen et al., 2006

Operational Day-to-day, season-to-season monitoring and

assessment of performance

Abuzar et al., 2017; Agam et al., 2013; Ahadi et al., 2013;; Akbari et al., 2007;

Akhtar et al., 2018; Al Zayed et al., 2015; Al Zayed & Elagib, 2017;

Bandara, 2003; Bellvert et al., 2015; Borgia et al., 2012; Borsato et al., 2019;

Dejen et al., 2015; Dembele et al., 2012; Ghahroodi et al., 2015; Hamid

et al., 2011; Lorite et al., 2004; Mondal & Saleh, 2003; Nam et al., 2016;

Phengphaengsy & Okudaira, 2008; Rowshon et al., 2011; Sanaee-Jahromi &

Feyen, 2001; Sánchez et al., 2015a; Santos et al., 2010; Segovia-cardozo

et al., 2019; Setegn et al., 2011; Taghvaeian et al., 2018; Unal et al., 2004;

Usman et al., 2015

Sustainability Examine the longer-term resource use and

impacts

Yilmaz & Harmancioglu, 2010

aAs defined by Bos et al. (2005).
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useful in assessing water management at different spatial scales: field,

farm, irrigation district, and basin scale (Ghahroodi et al., 2015; Haie &

Keller, 2012, 2014; Qureshi et al., 2011; Rowshon et al., 2014) as well

as greenhouse horticultural production area (Sánchez et al., 2015b). In

addition, PIs successfully assessed the performance of irrigated areas

through external indicators and analysed the internal irrigation pro-

cesses related to timing, duration or water flows to diagnose perfor-

mance (Abou Kheira, 2009; Causapé et al., 2006; Gorantiwar &

Smout, 2005; Jayatillake, 2004; Sanaee-Jahromi & Feyen, 2001).

Furthermore, PIs facilitated assessing irrigation schemes before

and after rehabilitation or intervention, and in analysing scenarios

(Angella et al., 2016; Barros et al., 2011; García-Garizábal

et al., 2011; Mateos et al., 2010; Merchán et al., 2015; Van

Halsema et al., 2011; Vandersypen et al., 2006; Yilmaz &

Harmancioglu, 2012) and to identify the best irrigation practices and

to compare different and complex irrigation systems (Borgia

et al., 2013; García-Bolaños et al., 2011; Kifle et al., 2017; Poussin

et al., 2015). Spatiotemporal patterns of PIs could give information

on the functioning of the water users associations (WUAs) and

allow different irrigation systems to be compared and many

researches have shown differences between different types of

WUAs globally (Awan et al., 2011; Chandran & Ambili, 2016;

F IGURE 11 Geographical coverage of the publications from 2001 to 2020.

TABLE 4 References based on data sources.

Types of data
source References

Field measurements (Abera et al., 2019; Abou Kheira, 2009; Ahmad et al., 2017; Borsato et al., 2019; Dejen et al., 2012, 2015; Dembele

et al., 2012; Fan et al., 2018; Ghahroodi et al., 2015; Jayatillake, 2004; Kazbekov et al., 2009; Kuscu et al., 2009; Kuscu,

Demir and Korukcu, 2008; Mateos et al., 2010; Nam et al., 2016; Phengphaengsy & Okudaira, 2008; Rowshon et al., 2011;

Sanaee-Jahromi & Feyen, 2001; Sekyi-annan et al., 2018; Shahrokhnia & Olyan-ghiasi, 2019; Soto-García et al., 2013; Unal

et al., 2004; Uysal & Atiş, 2010; Van Halsema et al., 2011; Vandersypen et al., 2006; Yilmaz & Harmancioglu, 2010)

Remote sensing Ray et al., 2002; Akbari et al., 2007; Karatas et al., 2009; Zwart & Leclert, 2010; Santos et al., 2010; Setegn et al., 2011;

Kharrou et al., 2013; Usman et al., 2015; Gonzalez-Dugo et al., 2015; Abuzar et al., 2017; Sekyi-annan et al., 2018; Akhtar

et al., 2018; Awada et al., 2019; Segovia-cardozo et al., 2019

Both (Agam et al., 2013; Ahadi et al., 2013; Ahmad et al., 2009; Ahmed et al., 2010; Awulachew & Ayana, 2011; Bastiaanssen

et al., 2001; Borgia et al., 2012; Hamid et al., 2011; Lecina et al., 2011; Taghvaeian et al., 2018)

AHMAD ET AL. 203

 17476593, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/w

ej.12913 by U
niversidade D

o M
inho, W

iley O
nline L

ibrary on [09/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



TABLE 5 Performance assessment studies: location, methodology, indicators used, and major findings.

No.

Reference Location/methodology Indicators evaluated Major findings1.

1. Ahadi et al. (2013) Location: Mexico

Techniques: remote sensing,

ground-level measurements

On-farm irrigation efficiency,

district efficiency

PIs are capable of determining the

inefficiency of the system

2. Ahmad et al. (2009) Location: Pakistan

Techniques: remote sensing

Equity, adequacy, reliability, water

productivity,

PIs provide better estimates of

irrigation performance at a

variety of scales

3. Andrés & Cuchí (2014) Location: Spain

Techniques: field data, water

balance

Irrigation efficiency, irrigation

drainage fraction, water deficit,

relative irrigation supply, water

productivity

Indicators provided an opportunity

to analyse large and mature

sprinkler irrigation district

4. Awan et al. (2011) Location: Uzbekistan

Techniques: remote sensing

(SEBAL), hydrological field

measurements

Relative evapotranspiration,

delivery performance ratio,

drainage ratio, depleted fraction,

overall consumed ratio, field

application ratio, conveyance

ratio

Delivery performance ratio, relative

evapotranspiration, and drainage

ratio show inadequacy, inequity,

and unreliability of an irrigation

system, and the overall consumed

ratio and depleted fraction show

the inefficiency at system levels

5. Borgia et al. (2013) Location: Mauritania

Techniques: Cluster and data

envelopment analyses

Adequacy, energy cost, relative

irrigation supply, irrigation

intensity, land productivity

Comparative performance

assessment based solely on

indicators might be challenging to

interpret as the result may vary

significantly depending on the

indicators used

6. C�orcoles et al. (2010) Location: Spain

Techniques: benchmarking

Total annual volume of irrigation

water supply, the total annual

volume of irrigation water

delivery, the total annual volume

of water supply, annual irrigation

water supply per unit command

area, annual irrigation water

supply per unit irrigated area,

main system water delivery

efficiency, annual relative water

supply, annual relative irrigation

water supply, water delivery

capacity

Annual irrigation water supply per

unit irrigated area is a useful

indicator in explaining the key

features of WUAs. CEN per unit

irrigated area and per unit

irrigation delivery are significant

in describing the characteristics

and differences between WUAs

7. Dejen et al. (2012) Location: Ethiopia

Techniques: field survey, GIS-based

Annual relative water supply,

annual relative irrigation supply,

output per unit irrigation water

diverted/supplied, output per

unit irrigation water delivered to

the command, output per unit

water diverted/supplied, and

output per unit water consumed

Indicators are useful for cross-

comparison in irrigation schemes.

8. García-Garizábal et al.

(2011)

Location: Spain

Techniques Irrigation Land

Environmental Evaluation Tool

Net hydric needs, irrigation,

efficiency, water deficit

PIs assessed irrigation management

alternatives and the effect of

multi-annual climatic and

agronomic variables

9. Ghahroodi et al. (2015) Location: Iran

Techniques: physical

measurements, field data

Classical efficiency, effective

efficiency, water productivity

Effective efficiency represents

irrigation systems performance at

farm scale more correctly, and

combined application of the

concepts is suitable for improving

irrigation water management

10. Gomo et al. (2014) Location: South Africa

Techniques: Field survey, AHP

Conveyance efficiency,

dependabilityof an interval
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TABLE 5 (Continued)

No.

Reference Location/methodology Indicators evaluated Major findings1.

between water applications,

relative irrigation supply, output

per unit irrigation supply, output

per unit water consumed

PIs employed are capable of

assessing smallholder irrigation

schemes

11. Haie & Keller (2012) Location: Nile, Grand Valley, City

12 020 and hypothetical case

Techniques: Sefficiency

Micro, meso, and macro Sefficiency PIs assessed performance both

from the supply and demand side

including unifying water quantity,

quality, and benefits

12. Jayatillake (2004) Location: Sri Lanka

Techniques: Benchmarking

Cropping intensity, length of the

irrigation season, irrigation duty,

water duty

PIs compared regional variation in

performance and among different

types of schemes such as

reservoir-backed schemes and

diversion schemes

13. Kazbekov et al. (2009) Location: Kyrgyzstan

Techniques: field survey

Adequacy, efficiency, dependability,

equity

Viable and simple PIs are pre-

requisite for the development of

operational WUAs universally

14. Mateos et al. (2010) Location: Mauritania

Techniques: case study application,

network distribution model, and

field water balance

Water delivery capacity, relative

irrigation supply, adequacy,

reliability

PIs effectively analysed different

elements and farmers'

perceptions of the system

performance before and after

rehabilitation

15. Mondal & Saleh (2003) Location: Bangladesh

Techniques: field measurements

and questionnaire survey

Delivery performance ratio, water

delivery performance,

conveyance loss ratio, relative

water supply, overall reliability,

equity, irrigated area ratio, yield

ratio, production ratio, total

financial viability, fee collection

performance, the profitability of

farmers, sustainability of an

irrigated area

Hydraulic, agricultural, and

socioeconomic indicators used

were recommended for

evaluation of the performance of

irrigation projects and also for

comparative analysis of

performance of similar irrigation

projects

16. Moreno-Pérez &

Roldán-Cañas (2013)

Location: Spain

Techniques: GIS

Relative irrigation supply, relative

water supply, relative rainfall

supply

Relative irrigation supply permits

farmers' actual irrigation

management practices to be

determined and interpreted

17. Ray et al. (2002) Location: India

Techniques: remote sensing, field

data

Adequacy (relative water supply),

equity, water use efficiency

remote sensing-based PIs could

identify the problem in

distributaries, intensively

managed and studied irrigation

system

18. Rowshon et al. (2014) Location: Malaysia

Techniques: field data

Relative water supply, adequacy,

equity, dependability

PIs capable of assessing

(quantitative assessment) not

only water allocation for

irrigation but also for day-to-day

or periodic irrigation delivery

performance

19. Sánchez et al. (2015a) Location: Spain

Techniques: statistical analysis

Relative irrigation supply, annual

relative water supply

RIS indicated that irrigation water

exceeded net irrigation needs and

the high ARIS variability observed

was confirmed to be a result of

the farmer management decisions

20. Sanaee-Jahromi &

Feyen (2001)

Location: Iran Adequacy, reliability, equity besides spatial and temporal

variability, uniformity of the

(Continues)
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C�orcoles et al., 2010; C�orcoles et al., 2012; Karatas et al., 2009;

Kazbekov et al., 2009; Uysal & Atiş, 2010).

Table 5 presented the developed PIs as implemented in selected

case studies.

5 | CONCLUSIONS

Studies on performance assessment and indicators were reviewed

using a systematic review approach. The study was able to character-

ized the state of knowledge on PA and PIs based on metrics/indices

used and their characterization, data sources, the scale of analysis,

and types of management involved. The study revealed that different

authors have accepted common definitions and used them in the

domain of agricultural water management. However, there is lack of

standardization and the use of a wide range of indicators. Some cate-

gories of PIs need further studies to come up with a single PI that will

represent them. This review identified and recommended one type of

efficiency indicator that is considered the best indicator called

Sefficiency.

The results also showed that many methods were developed and

successfully applied globally in both small and large irrigation systems

under different spatial and temporal scales, different scales of analysis

(farm, irrigation system, and basin levels), and management types

(community-managed and state-owned). Field measurement is the

predominant technique despite its difficulties, with remote sensing

being mostly used in developed countries, probably because of its

nature of technology. However, it is gradually gaining ground in

Africa, yet the researchers are affiliated with the developed nations'

institutions. Thus, this paper recommends further research to estab-

lish a relationship between remote sensing technology and third-

world countries.

Despite the need for sustainability in the irrigation water sector,

it was found that operational PA dominated the literature, with a very

small number of sustainability-based PA research recorded. Therefore,

a further study that will systematically evaluate methods and indices

used to assess agricultural water sustainability is needed. Another

important aspect for further study is the need to develop software

and models that will make the performance evaluation of complex irri-

gation systems easy and effective.

ACKNOWLEDGEMENTS

The research was partially funded by the Portuguese Foundation for

Science and Technology (FCT) under the contract UID/ECI/

04047/2013 for the Centre of Territory, Environment and Construction

(CTAC). The first author thanks Nigeria Tertiary Education Trust Fund

(TETFUND) for PhD Overseas Training. Sincere thanks are due to Prof.

Dr. Sandra Sofia Caeiro (Universidade Aberta, Lisboa, Portugal) for

reviewing the initial drafts, making helpful comments and valuable sug-

gestions, and the anonymous reviewers for their helpful comments.

TABLE 5 (Continued)

No.

Reference Location/methodology Indicators evaluated Major findings1.

Techniques: physical

measurements, analytical method

(Matrix D)

variability is also needed to

assess the water delivery system

21. Unal et al. (2004) Location: Turkey

Techniques: field survey, physical

measurements (Electronic

limnigraphs)

Adequacy, efficiency, dependability,

equity

PIs were shown to have contributed

to efficient water delivery

monitoring and could identify the

problems causing the poor

performance of the system

22. Yilmaz & Harmancioglu

(2010)

Location: Turkey

Techniques: WEAP

Agricultural sustainability index,

environmental sustainability

index, water exploitation rate,

yield reliability, irrigation water

deficit, domestic supply reliability,

benefit/cost ratio, irrigation

water use efficiency, total

production value

PIs verified that efficient water

management is crucial to ensure

the sustainable use of water

resources for environmental,

social, and economic dimensions

23. Zwart & Leclert (2010) Location: Mali

Techniques: remote sensing,

statistical analysis

Cropping intensity, water

productivity, uniformity, head–
tail performance indicator

Diagnostic PIs identified needs for

rehabilitation, whereas

comparative PIs could set a

benchmark, detect processes that

could lead to higher performance,

and quantify the impact of an

intervention
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