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Abstract: To improve water use efficiency and productivity, particularly in irrigated areas, reliable
water accounting methodologies are essential, as they provide information on the status and trends
in irrigation water availability /supply and consumption/demand. At the collective irrigation system
level, irrigation water accounting (IWA) relies on the quantification of water fluxes from the diversion
point to the plants, at both the conveyance and distribution network and the irrigated field level.
Direct measurement is the most accurate method for IWA, but in most cases, there is limited metering
of irrigation water despite the increasing pressure on both groundwater and surface water resources,
hindering the water accounting procedures. However, various methodologies, tools, and indicators
have been developed to estimate the IWA components, depending on the scale and the level of detail
being considered. Another setback for the wide implementation of IWA is the vast terminology
used in the literature for different scales and levels of application. Thus, the main objectives of this
review, which focuses on IWA for collective irrigation services, are to (i) demonstrate the importance
of IWA by showing its relationship with water productivity and water use efficiency; (ii) clarify the
concepts and terminology related to IWA; and (iii) provide an overview of various approaches to
obtain reliable data for the IWA, on the demand side, both at the distribution network and on-farm
systems. From the review, it can be concluded that there is a need for reliable IWA, which provides
a common information base for all stakeholders. Future work could include the development of
user-friendly tools and methodologies to reduce the bridge between the technology available to
collect and process the information on the various water accounting components and its effective use
by stakeholders.

Keywords: water demand; water availability; hydrant; distribution network; remote sensing; benefi-

cial use; water losses; irrigation efficiency; irrigation requirements; monitoring

1. Introduction

Demand for food is expected to continue growing in the coming decades, which will
increase pressure on water resources, leading to a shortage in rivers and aquifers [1,2]. A
main challenge for agricultural water management will be to ensure food security and
long-term environmental [3,4] and economic sustainability [5,6]. Other factors, such as
the competition for water and land, droughts and anthropic water scarcity aggravated
by climate change, and less-participatory water governance, will contribute to this chal-
lenge [1]. According to several authors, e.g., refs. [5,7], by the year 2050, food demand
could increase by 70-90%. Although irrigated agriculture represents 16% of the world’s
cropped area, it is expected to produce 44% of world food by 2050 [2]. It is estimated that
the net global irrigated area will continue to increase by at least 20 million hectares [8]. In
some cases, water abstractions from nonrenewable aquifers and withdrawals can exceed
100% of the total renewable resources [9]. Irrigation plays a crucial role in food security
by increasing and stabilizing production from farms to the global levels. It is agreed that
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irrigated agriculture will face a future with less water [7]; thus, the irrigation efficiency gap
needs to be overcome. As stated by de Fraiture and Wichelns [10], it is more cost-effective to
increase food production by improving output per unit of water in existing irrigated areas
than by expanding irrigated areas. Thus, in low-productivity irrigated regions, additional
food demand can be satisfied by improving water productivity (WP) [5,11,12].

In arid and semi-arid regions, where water is a scarce resource, farmers often rely on
collective management to optimize water use and minimize conflicts among users [13-15].
Thus, in these regions, collective irrigation systems (CIS) are common. However, the
performance of CIS around the world has been below expectations [16]. The assessment of
the global irrigation system performance is, therefore, an essential primary step toward
improving agricultural water use, particularly with regard to supporting decision-making
on modernization investments and management changes. At this level, the improvement of
irrigation must encompass both the conveyance and distribution network and the on-farm
systems [17], as well as water availability at the source (surface water or groundwater).

Water accounting (WA) procedures can play a crucial role in improving irrigation water
productivity and irrigation efficiency [18-20] since they involve the systematic measure-
ment, monitoring, estimation, and reporting of water resources in irrigated systems [21,22].
A distinctive aspect of the WA methodology is that it considers and assesses both the supply
and demand aspects of irrigation systems [23], allowing for the identification of possible
failures and adjustment of water management at the collective irrigation system level.

Direct water metering of several water balance terms is the most accurate method
for WA. Yet, the majority of agricultural water use is not monitored worldwide, with
limited metering of irrigation amounts despite increasing pressure on both groundwater
and surface water resources in many agricultural regions [24,25]. This lack of monitoring
can hinder the implementation of WA procedures in irrigation. However, there are some
methodologies to estimate agricultural water, e.g., databases, indicators, and remote sensing.
Additionally, models, from simple empirical to process-based ones, can be used to estimate
agricultural water terms.

The wide implementation of WA is also constrained by the vast terminology used
in the literature for different scales and levels of application [19,20,26]. Thus, there is a
need for clarifying terminology and procedures related to the use of water accounting in
agriculture and water productivity.

This paper presents a thorough critical assessment of the literature on irrigation water
accounting concepts and methodologies developed from the perspective of the demand
component at the collective irrigation system level, highlighting the strengths, limitations,
practical issues, and research gaps. In particular, it aims to achieve the following:

i.  Demonstrate the importance of irrigation water accounting by showing its relationship
with water productivity and water use efficiency;

ii.  Clarify the terminology related to water accounting;

iii. Review the existing methodologies for water accounting both at the farm and at the
irrigation distribution network and propose some adaptations.

A systematic literature search was not possible due to the lack of common terminology
on the subject. Thus, an exploratory research methodology applied was characterized by
not following a defined protocol and can be described as follows. It began with a general
idea and the researcher’s ability to change his direction due to the revelation of new data or
insight. The purpose was to provide a broad approach to the topic area. The review used
several search engines (e.g., ScienceDirect, Scopus, Springer, Wiley) and various languages
for the search (English, Portuguese, Spanish, and French).

2. Irrigation Water Productivity and Irrigation Efficiency

Despite the numerous studies available in the literature, there is still a lack of agree-
ment on terms and concepts related to water productivity and water use efficiency [20,26,27].
This may lead to confusion in the interpretation of data and constrain the comparison be-
tween different studies [28]. In its broadest sense, agricultural water productivity (WP) is
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the ratio of the benefits that stem from crop, forestry, fishery, livestock, and mixed agricul-
tural systems to the amount of water used to produce those benefits [20,26,27]. WP usually
focuses on crops (crop water productivity), e.g., refs. [26,29], or on livestock (livestock
water productivity, e.g., refs. [30,31]. Thus, the optimization of WP in agriculture allows
growing more food with less water, aiming to meet the goals of food security while better
using the water resources, particularly in a climate change context due to the expected
increase in water scarcity [20,32,33].

Hereinafter, WP will focus solely on crops. The most commonly used concept of WP
refers to the physical ratio between marketable yields and water applied or used [18,27,34].
Despite the apparent simplicity of this indicator, several authors argue that there are
numerous ways of developing it since the denominator of the ratio varies with the scales
and objectives [26,27,35].

The concept of WP may be applied at different scales, from the plant to the collective
irrigation system (Figure 1).
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Figure 1. Water productivity in agriculture at various scales, the plant (WPp), the field (WP), and
the collective irrigation system (WPcg), including precipitation (WPtwy) (Adapted from [26]).

The first step in the estimation of WP is an adequate definition of a domain linked in
space (3D) and time [32], from the plant to the field and to the collective irrigation system.
Various authors estimate WP using the total water use (TWU), the gross irrigation, or the
crop evapotranspiration as a denominator [26,27,29,36]. However, we argue that the use
of these variables does not adequately mirror the water that is effectively consumed. On
one hand, there are losses at the field level that occur since the water is delivered at the
hydrant/turnout, which can represent a large fraction of the water supplied. On the other
hand, at the collective irrigation system level (CIS), the denominator should encompass the
water that is diverted into the conveyance and distribution network (CDN), including the
losses due to leakage, seepage, and evaporation in channels and pipes, and the on-farm
application losses. Thus, we propose the following physical WP indicators:

At the field level:
(a) WP relative to the total water use (WPE_twu), estimated as

Y
" Isy+P+AS+CR

WP 7y (kgm™?) 1)
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where Y is the crop yield for the field (kg), Isy is the irrigation supply at the fields” hydrant,
P is the precipitation, AS is the variation of the soil water storage, and CR is the capillary
rise from a shallow water table; with all the variables expressed in m3;

(b) irrigation water productivity (WPFng), estimated as

_ Y
WPE_pyrig(kgm ™) = T 2)
SH
At the collective irrigation system:
(c) WP relative to the total water (WPcs Twu), estimated as
3y Ycrs
WPcrs twu(kgm™) ®)

T DIV+P

where Yys is the average yield for the entire irrigation perimeter weighted by the area
occupied by each crop (kg), DIV is the water diverted into the conveyance and distribution
network of the CIS; with all the variables expressed in m3; and

(d) irrigation water productivity (WPcis_irrig) estimated as

WPcis_irrig(kgm ™) = 1[;(:11‘5/ 4)
where Yys is the average yield for the entire irrigation perimeter weighted by the area
occupied by each crop (kg).

However, improving physical WP does not necessarily lead to reduced water use or
an improvement in farm profit [26,28,35,37]. Economic water productivity, which refers to
the ratio between the value of the product and the water applied, allows for the assessment
of the economic yield value per unit of water supplied. However, aiming at providing a
better perception of the farmers’ economic return and therefore of the feasibility of a certain
cropping system [18,26-28,38], both the numerator and denominator in Equations (1)—(4)
should be expressed in economic terms [26,35,39].

Agricultural water use efficiency (WUE) is in certain cases synonymous with water
conservation and water savings [40], but for irrigation specialists, it is a measure of how
efficiently water is used in agricultural production [20,26,41]. One of the WUE components
is irrigation efficiency (IE). It is defined as the ratio between the amount of water used to
meet the beneficial use by the crop (ET) plus the amount necessary to maintain a favorable
salt balance in the crop root zone, and the total volume of water diverted for irrigation
(DIV) [41,42]. Thus, at the CIS level, IE depends upon the water losses occurring at each
stage as water flows from the origin (e.g., reservoir with storage losses), conveyed and
distributed to the farm gate (conveyance and distribution losses), from the farm gate to the
irrigation system (on-farm transport losses), and in the soil root zone (application losses).

In the present work, we propose the following irrigation efficiency (IE) indicators:
(a) at the field level (IEg)

1Er (%) = ELEE 449 5)
Isp

(b) at the conveyance and distribution level (IEcpn)

. i Ishj
IECDN( /0) - Wloo (6)

(c) at the collective irrigation system level (IEcys)

ET+LF
IECIS(O/O) - Wloo (7)
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where ET is the crop evapotranspiration, LF is the salt leaching requirement, Igy is the water
delivered at the hydrants/turnouts working simultaneously, j is the hydrants/turnouts,
and Wcpy is the water diverted into the conveyance and distribution network of the CIS.

IE is variously linked to WP depending on circumstances. As discussed by [43], IE
can paradoxically increase water consumption from irrigated farming systems. A higher
IE can, as a result of lower ‘losses’ in the WP denominator, reflect greater transpiration
correlated with higher crop growth and higher WP (e.g., refs. [26,44]). However, a higher
IE resulting from changes in infrastructure and equipment can increase costs and reduce
the net crop value in the WP numerator and, in turn, reduce WP [45,46]. Higher IE can
reflect the maintenance of more uniform soil moisture within a field leading to higher WP
(e.g., [34,47]. On the other hand, lower IE impacts crop stress and reduces productivity
by slowing the timing of water delivery between neighboring irrigators sharing a local
network, thus leading to lower yields, and possibly lowering WP. Similar findings were
reported by [48], while [49] reported an improvement of WP at the irrigation scheme by
improving the irrigation system performance at the field level.

The calculation of the above indicators, WP and IE, relies upon the quantification of
the intervenient terms, e.g., irrigation water supply and beneficial and nonbeneficial uses.
This extensive set of data can only be obtained through an appropriate irrigation water
accounting framework, providing accurate and timely information, as described below.

3. Water Accounting
3.1. Definitions and Evolution

Water accounting can be defined as the systematic quantitative assessment of the
status and trends in water supply, demand, distribution, accessibility, and use in specified
domains, producing information for water science, management, and governance to sup-
port sustainable development outcomes for society and the environment [21,22]. The WA
procedure relies upon the law of conservation of mass through water balances, which in
turn identify the destination of the water used and distinguish between consumptive and
nonconsumptive uses [18,22,50,51].

The WA concept has evolved over time, with different researchers and organizations
contributing to its development. In the late 19th and early 20th centuries, irrigation
technology advanced in Europe and North America, and new methods for measuring
irrigation water supply and use were developed. For example, water meters were installed
on irrigation systems to measure water applied, allocated, or delivered, and irrigation
districts began charging farmers based on the volume of water used [52-54]. In the mid-20th
century, with the increasing demand for water resources for other uses, such as industrial
and urban applications, WA became more important for water resources management
(WRM) among users at a larger scale [32].

The United Nations (UN) established the International Hydrological Program (IHP)
in 1975 (https:/ /www.unesco.org/en/ihp, accessed on 2 May 2023), which has evolved
into a holistic program facilitating the sustainable WRM and governance, based on science,
reliable data, and dissemination of knowledge. Food and Agriculture Organization of the
UN (FAO) is one of the organizations that has played a major role in the development
and promotion of WA in irrigated agriculture. In the 1960s and 1970s, FAO developed
guidelines for WA, focused on measuring water use in agriculture for the improvement
of irrigation management. In the early 2000s, FAO initiated the AQUASTAT program,
Global Information System on Water and Agriculture (https://www.fao.org/aquastat/en/,
accessed on 2 May 2023), which aimed to improve the global knowledge base on water
resources by collecting, analyzing, and disseminating information on water resources and
their use by country.

The International Water Management Institute (IWMI) developed the Water Account-
ing Plus (WA+) framework (https://wateraccounting.un-ihe.org/wa-framework-0, ac-
cessed on 2 May 2023) in 2013, in partnership with the IHE-Delft Water Accounting team
and FAO. It applies a comprehensive approach to measuring and managing water resources
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in agriculture at the basin level, with a strong focus on satellite-based remote sensing (RS)
data. It has been widely used in different regions and contexts [55-57]. The framework
combines RS data with other available global datasets and ground measurements to pro-
duce WA sheets supported by graphs and tables, which provide a standardized approach
to tracking water resources and their use in different sectors, including agriculture. The
approach is based on the principles of Integrated Water Resources Management that em-
phasize the need for WRM using a holistic approach, considering social, economic, and
environmental factors.

In 2018, FAO and World Water Council released a white paper on water accounting
for agriculture [58], an initiative that contributed to the work plan of the Global Framework
on Water Scarcity previously launched at the Marrakech Climate Conference in November
2016. The World Bank also contributed to the development of WA by developing its own
framework and methodologies for tracking water resources and use [59].

Recently, FAO developed and made available the portal WaPOR (https://wapor.
apps.fao.org/home/WAPOR_2/1, accessed on 2 May 2023) that monitors WP through
open access of remotely sensed derived data to support water accounting at different
scales. Data are available at diverse resolutions (250 m, 100 m, and 30 m) and temporal
resolutions (10-day, seasonal, annual). This tool is available for monitoring and reporting
on agricultural WP over the African continent and Near East.

In recent years, the concept of WA has been incorporated into the United Nations
Sustainable Development Goals, which aim to ensure by 2030 universal access to clean
water and sustainable water management practices (https://sdgs.un.org/goals, accessed
on 2 May 2023).

To standardize the concept of water use for the different stakeholders, Molden [50]
defined WA as the art of classifying the components of the water balance into water use
categories, considering the consequences of human intervention in hydrological cycles
and the domain of inputs and outputs according to their uses and productivity. Different
definitions of WA can be found in the literature, e.g., refs. [21,22,51,60].

Agricultural WA, or more precisely and within the scope of the present review, irriga-
tion water accounting (IWA), involves the systematic measurement, monitoring, estimation,
and reporting of water resources in irrigated systems [21,22]. The methodology consid-
ers and assesses both the supply and demand aspects of irrigation supply systems [23]
and integrates different uses of water, as conceptually presented in Figure 2, into the
water balance.

An initial and critical step of IWA is to define the system (3D) domain and specify
spatial and temporal boundaries, which are dependent on the study objectives. It can
be the root zone of an irrigated field for an irrigation event, from the water diversion to
the farm gate, or an entire water basin, including surface water and groundwater, over a
period of several years [61]. It also involves classifying inflows and outflows across the
domain borders according to their uses. Gross inflow (Figure 2) is the total amount of
water flowing into the water balance domain from precipitation and surface and subsurface
sources. Net inflow is the gross inflow plus any changes in storage. Water depletion is
the use or removal of water that renders it unavailable or unsuitable for further use. It
entails water that goes to the atmosphere (beneficial water consumption) or other sinks
(nonbeneficial use). An example of the latter is the non-recoverable runoff and drainage
because (i) it is not economically exploitable, such as saline water bodies and deep aquifers,
or (ii) its quality prevents its reuse.

Outflow is the part of the diverted water that can be reused. It is divided into commit-
ted and uncommitted fractions. The first fraction encompasses the outflow that is allocated
to other uses, e.g., downstream water rights, while the latter corresponds to water flowing
out of the considered domain due to a lack of storage or operational measures. It is the case
of water flowing to the sea, in excess of the requirements for beneficial uses [61].
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Figure 2. Global water accounting considering inflows and outflows according to different uses
(Adapted from [62]).

3.2. Different Perspectives on Irrigation Water Accounting

IWA has been approached from various perspectives, each one providing different

insights into the WRM and the role of irrigation in sustainable development. According
to some authors, e.g., refs. [18,32], water accounting has developed from three distinct
perspectives.

The hydrology perspective: This perspective focuses on understanding the natural
water cycle and quantifying the role of precipitation, evaporation, and transpiration,
runoff to streams and rivers, recharge to aquifers, outflows to the sea and storage, to
determine water availability in a particular region [18,50], usually a basin;

The irrigation engineering perspective: This perspective focuses on interventions
designed to utilize surface water or groundwater flows to meet irrigation require-
ments. It also focuses on the design, construction, and operation of storage structures,
conveyance and transport of irrigation water, control structures, and on-farm irriga-
tion systems [11,22,63,64]. From this perspective, INA can help identify the water
requirements of different crops and quantify nonbeneficial uses, such as evaporation
and leakage, at both the field and the conveyance and distribution network levels.
In this case, the impact of different management practices on water use efficiency
and WP can be assessed. Ultimately, it can identify opportunities to modernize the
CDN [63,65];

The monitoring and evaluation perspective: This perspective focuses on the use of
water accounting to support management decisions. Examples are the optimization of
water distribution to farmers, optimization of irrigation schedules, use of more effi-
cient irrigation systems, adoption of drought-tolerant crops, or accessing incremental
improvements in policy and practice on both the supply and demand sides of water
supply and delivery services [6,21,22]. Decisions on water management are usually
made at different levels, including farms, water users’ associations, and regional water
planning agencies.

Other authors also debated the following perspectives of IWA, which can be considered

transversal to the previous ones.

The environmental perspective: This perspective focuses on the assessment of the
impact of irrigated agriculture activities on water quality and the environment. This
includes monitoring the discharge of pollutants from agricultural sources, such as
fertilizers and pesticides, and evaluating the impact of agriculture on water quality
and aquatic ecosystems [66-69];
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The economic perspective; This perspective focuses on the value of water resources
in agriculture and the costs and benefits of its use [20,47,70-72]. It seeks to optimize
the use of water resources to maximize agricultural productivity and profitability.
This involves evaluating the costs and benefits of different irrigation systems, crop
varieties, and water management practices, and developing policies and programs
that promote the efficient use of water resources in agriculture and effective water
allocation [11], pricing, and management [65,73];

The social perspective: This perspective is concerned with issues such as access to
water for irrigation, equity, social justice, and participation in water governance [74,75].
It involves assessing the social and cultural values of water, identifying the needs
and priorities of different stakeholders, and developing policies and programs that
promote social equity and participation [76,77].

An integrated perspective on IWA considers all the above perspectives and seeks

to balance economic, environmental, and social considerations [78]. It aims to promote
sustainable water management in agriculture that meets the needs of all stakeholders while
preserving the environment.

3.3. Scales and Levels for Which Agricultural Water Accounting Procedures Are Developed

Agricultural WA can provide information about water availability and use at different

scales [61]. The scale of application depends on the purpose of water accounting and the
availability of data and resources. The following scales can be considered:

Macro scale: This scale corresponds to the basin or sub-basin level, often encompassing
multiple uses and services, including agriculture, industry, landscape, and households.
Furthermore, at this scale, data should be collected on water use from multiple sources.
This scale of application is useful for identifying areas of conflict and cooperation
among different water users, for developing integrated water resource management
plans, and for understanding the spatial and temporal dynamics of water availability
and use in the basin. The WRM at the basin level sets limits to water allocations to
reduce consumption to sustainable levels and encourages and supports all users to
maximize the net benefit of allocated water [11]. So far, different frameworks have been
introduced in this regard, e.g., IWMI-WA [50], SEEAW [79], GPWA [51], and Water
Accounting Plus” (WA+) [55]. Delavar et al. [73] present a water accounting framework
based on a modified SWAT model for better policymaking at the basin level. Perez-
Blanco et al. [80] discuss water basin accounting definitions and concepts. Wheeler
et al. [81] use water accounting at the basin level to investigate the rebound effect of
groundwater extraction from subsidizing irrigation infrastructure in Australia, while
the authors of [67] propose WA to study climate change effects on water resources in
different river basins.

Mezzo scale: This scale corresponds to the service level of analysis within a basin area,
typically involving multiple users who share common water supply, conveyance, and
distribution [63,82]. At this scale, WA is used to quantify and balance the supply and
demand at the collective irrigation system [13-15,63], to determine WP and IF from
water diversion to the root zone, and to promote effective water allocation, pricing,
and management. It is the scale for which fewer scientific studies are found in the
literature, and thus, further research is required.

Local scale: This is where water availability and use are assessed for a specific area,
such as a field or a farm [36,83]. WA involves measuring and monitoring water inputs
and outputs, such as rainfall, irrigation water delivered at the hydrant/turnout, water
use by crops, and nonbeneficial uses, such as drainage, runoff, and wind drift. Local
water accounting can be used to calculate on-farm WP and IF, helping farmers to
better manage their water resources, to identify opportunities for water conservation,
and to reduce water waste [84].
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Agricultural WA can also be applied at different levels, depending on the complexity
of the system being analyzed and the level of detail required for decision-making. The
following are the common levels of application.

- Sector level: This level involves analyzing the water balance and water use within
the agricultural sector, including the water supply and uses for crops [36,83] and
livestock [7,30]. This level of application is useful for understanding the water require-
ments and water use patterns of the sector and for developing strategies to sustainably
manage water within the sector.

- System level: This level involves analyzing the water balance and water use for a
specific system within a sector. This level of application is useful for optimizing
water use efficiency within the system, identifying areas of water loss or waste, and
improving the performance of the system. Examples of systems are the irrigated
field and the collective irrigation service [63,84], and the specific term irrigation water
accounting (IWA) can be used to characterize the system [17,65].

By applying WA at different scales and levels of detail, decision-makers can gain
insights into the water requirements and water use patterns of different systems, sectors,
and regions, and develop targeted strategies to manage water sustainably for the benefit
of people and the environment according to the water availability. A key output of water
accounting should be a common information base available and acceptable to all the key
stakeholders involved in using, planning, or other decision-making processes [21,22].

3.4. Different Terminology with Similar Meanings: Are We Speaking the Same Language?

Several terms related to understanding and managing the use of water resources are
used interchangeably with WA, despite their different meanings and implications. The
vast terminology used in the literature for the different scales and levels of application
constitutes a setback for a wide implementation of water accounting. The disagreement
between terms and concepts often leads to poor use of the published results [19,20,26],
confusion in the interpretation of data on crop water use, and comparison between different
studies [79]. It is therefore important to identify and distinguish these terms and concepts,
being the most common:

Water balance—refers to the calculation of the total amount of water that enters and
leaves a particular system, such as a watershed or aquifer, over a specific period. It is
important to adequately set the system spatial and temporal boundaries. Water balance is a
key component of WA; however, it is only one part of a broader set of activities that make
up water accounting [85];

Water footprint—refers to the quantification of the amount of water used throughout
the entire supply chain of a product or service, from its production to its disposal. It has
three components: the green component is related to the precipitation stored in the root
zone, the blue one to the surface or groundwater resources, and the grey component is
related to freshwater pollution [71,86,87];

Water auditing—is a process that places the findings, outputs, and recommendations
of WA into a broader framework comprising governance, institutions, public and private
expenditures, legislation, services delivery, and the wider political economy of specified
domains [21,22,51,82];

Water allocation—is the process of assigning available water resources to various uses
or users, such as agriculture, industry, and households [11,67,85,88];

Water governance—encompasses a set of political, social, economic, and adminis-
trative systems that are in place to develop the WRM and the delivery of water services
at different levels of society. It comprises the rules, mechanisms, and processes through
which water resources are accessed, used, controlled, transferred, and related conflicts are
managed [24,58,89];

Water pricing—is the practice of setting prices for water use to reflect the true cost of
water resources and encourage more efficient and sustainable use of water [72,77,90].
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Furthermore, the science of hydrology and the practice of irrigation engineering have
been developed at different scales [91], which contributes to a large set of different terms
to conceptualize WA. A divergence of terminology can pose a challenge to understanding
irrigation and other categories of water use within a broader context when irrigation
becomes a significant component of basin hydrology [11]. The interpretation of the results
depends on both the analyst’s background and the scale of the analysis [32]. A farmer or
an agronomist usually considers drainage as a loss (depleted /consumptive nonbeneficial
use). However, a hydrologist working at the basin level may quantify it as a flux of water
within the same system that can be allocated to other uses (nonconsumptive use), with a
negligible impact on the basin water balance [19,79,92].

Understanding the interactions between the levels of analysis helps us understand the
impact of management decisions and means to benefit from improvements in policy. In
order to match irrigation service or basin requirements with field-level interventions, it is
necessary to account for water use at the field level and then place it within the context of
the irrigation service and basin levels.

4. Water Accounting at the Collective Irrigation System Level: Why Is It So Important?

Collective irrigation systems (CIS) are a type of infrastructure that assures the di-
version/abstraction, storage, conveyance, and distribution of irrigation water to the
farmers [63] in close relation to the crops and the irrigation systems existing at the field level.
Water is diverted from surface sources (rivers and reservoirs) or groundwater wells. The
conveyance and distribution is provided either through open channels or pressurized pipes.
The delivery of irrigation water to the farm gate is performed through diversion structures,
also known as hydrants or turnouts. CIS are usually managed by Water Users Associations
(WUA), which are responsible for system operation and for assuring an adequate level of
service for the consumers. CIS are common in many parts of the world, especially in arid
and semi-arid regions, where water is a scarce resource and farmers often rely on collective
management to optimize water use and minimize conflicts among users [13-15]. The
assessment of CIS performance is, therefore, an essential primary step toward improving
agricultural water use, particularly for making decisions on modernization investments
and management changes [16,64,93]. It must encompass both the delivery and the on-farm
systems and requires extensive datasets both in time and space.

The objective of the global irrigation water accounting at the CIS level is to quantify
and compare or balance irrigation water supply with the demand for both individual
irrigated fields and the entire cropping pattern installed within the irrigated perimeter. The
relation between the two variables, supply and demand, is called relative irrigation supply
(RIS) and is one of the primary performance indicators used to determine the suitability of
the supply of irrigation water for agricultural production [16,75,94,95]. Benavides et al. [16]
concluded that the on-farm irrigation system clearly affected the RIS, although the global
analysis also reflected the effect on the RIS of the characteristics of the collective distribution.
Plusquellec [96] stated that one of the main actions toward improving WP in a collective
irrigation system was upgrading the hydraulic infrastructure.

Thus, it is very important to apply WA procedures both at the conveyance and dis-
tribution network (CDN) and at the irrigated field, the hydrant or the turnout at the farm
gate being the link between the network and the field.

At the CIS level, the methodology is applied to a system where the boundaries are the
water diversion into the collective network and the bottom of the root zone in the irrigated
fields [59,63]. Figure 3 presents the water accounting diagram for the referred domain of
application. Furthermore, it is mandatory that the definition of the analysis period should
coincide with the irrigation period starting on the first day of water distribution and ending
on the last day of water delivery to farmers.

For the convenience of analysis, we propose to divide the CIS into two subsystems, one
being the conveyance and distribution network, or CDN (from water diversion/abstraction
to farm gate), and the other the irrigated fields, or IF (from farm gate to the bottom of
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the root zone). Figure 4 shows the CDN subsystem, where the reservoir upstream of the
abstraction is not part of the target system.

Process: ET___+1

cro tissues
B P
depleteél> Non Process: ET, .4
N NBL> Eys, D

*Water diverted into CDN;

* Precipitation c Uy
outflow>

U Ls
}

Figure 3. Water accounting diagram for the case when the domain of application is a collective
irrigation system (conveyance and distribution network—CDN + irrigated fields). B and NB represent
the beneficial and nonbeneficial uses, respectively; U and C represent the uncommitted and committed
uses, respectively; ETcrop and ET,,eeq represent crop and weed evapotranspiration, respectively;
Iiissues is the water incorporated in the tissues; ENp represents nonbeneficial evaporation; D is the
drainage, Uy is the water liberated from the system for downstream users; Ls represents the excess
water liberated from the system.

On one hand, Figure 4 shows the water inputs into the system, including abstraction
from the surface water or groundwater, water imported from other CIS, and precipita-
tion over intermediate reservoirs and conveyance and distribution channels, as well as
runoff into these structures. On the other hand, Figure 4 shows the respective water
loss components.
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Figure 4. Water accounting terms in the conveyance and distribution network of a collective irrigation
system: (a) water inputs components; (b) water loss components (adapted from [97]).

The water loss component includes (i) evaporation from the water surface in channels
and intermediate reservoirs; (ii) apparent losses, due to unauthorized consumption, which
is common in channels, and measurement errors; and (iii) real water losses by percolation
in channels and reservoirs and leaks in pressurized pipes (Figure 5). Water discharges at
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the end of the channels classify as uncommitted outflow since it corresponds to water that
leaves the system due to operational actions.

Water abstraction
from surface and
groundwater (ABS)

Water imported from
other CIS (Imp)

Direct precipitation
over channels and
reservoirs (P¢g)

Runoff to channels
and reservoirs (Rcg)

Q
3
H;B water delivered to the farmers at hydrants and turnouts (Isy) | B_P §
(O]
authorized
consumption |\ ater used for maintenance of the network (V) B_NP
B minimum volume to operate the channels (V,) B_NP
0|l 2
g s « Channels (Ecp)
£ evaporation losses . R NB
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reallosses « percolation (channels) (P,,.) HE
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" water -
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Figure 5. Quantifying water accounting terms in conveyance and distribution network of collective
irrigation systems (B_P is a beneficial process use; B_NP is a beneficial nonprocess use; NB is a
nonbeneficial use; U is an uncommitted use).

The relationship between the water balance terms at the CIS level is shown in Equation (8),
and the variables are identified in Figure 5. Thus, the balance may be computed as follows:

ABS + IMP + Pcr + Rcr = (Isg + Vin + Vo) — (EcR + NA + ME + L + Perc) — Ve (8)

where ABS is the water abstraction from surface and/or groundwater, IMP is the water
imported from other CIS, Pcr is the precipitation over channels and reservoirs, Rcr is the
runoff to channels and reservoirs, Vy, is the water used for network maintenance, V,, is the
minimum volume to operate the channels, Ecr is the evaporation loss from channels and
reservoirs, NA is the unauthorized consumption, ME is the measurement errors, L is the
leaks in pressurized pipes, Perc is the percolation in channels, and V4. is the discharges in
channels (excess water). The terms are usually quantified in m> or hm?.

At the conveyance and distribution network, water accounting is vital because it
provides accurate and reliable data that can be used as a basis to accomplish the following:

i.  Identify the amount of water entering the CDN over time, which we designate as
water diverted (DIV = ABS + IMP) [63,97]. This information can help the WUA
manager in planning the water resources more efficiently, facilitating water allocation
decisions, minimizing the risk of water scarcity, and maximizing WP.

ii.  Identify the total amount of water that reaches the farm gate hydrants/turnouts.

This information, together with (i.) allows us to evaluate the performance of the

irrigation infrastructure, such as the efficiency of water delivery and distribution.

In this sense, the authors of [64] present a water and energy efficiency assessment

based on trustworthy and well-organized water accounting information for collective

irrigation systems, designated as PAS.

Identify losses as leaks, blockages, infiltration, or other issues that can lead to water

waste [64,98,99] and improve CDN efficiency.

Detect unauthorized irrigation water diversion in open channel distribution, from

which illegal offtakes are common [100,101].

v.  Apply irrigation water taxing or charging, which is a mechanism used to gener-
ate revenue for water management and to encourage the efficient use of water re-
sources [52,102-105]. However, it is important to ensure that water taxes or fees are

1.

iv.
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implemented in an equitable and transparent manner and that they do not place
undue burden on small-scale or low-income farmers. Furthermore, the revenue gener-
ated from water taxes or fees must be used to support water management activities
that benefit all users and promote sustainable water use.

Figure 6 represents the irrigated field subsystem of the CIS, showing the variables to in-
clude in the water accounting procedure. The terms are usually quantified in mm (L m~2).
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Figure 6. Terms to consider for the water accounting procedure at the irrigated field level
(P—precipitation, Isgg—water delivered at the hydrant or turnout, Irrig—gross irrigation amount,
ETcrop—crop transpiration, ETy,c.q—transpiration from weeds, WE—is the wind drift and evapora-
tion, RO—runoff, AS—variation of soil water storage, Dzg—drainage at the bottom of the root zone,
CR—capillary rise).

The relation between the variables is presented in Equation (9), which can be applied
with different time steps according to the objective.

P+ Irrig — (ETerop + ETyeed + WE + RO + D — CR) = AS )

where P—precipitation, Irrig—irrigation requirement to be applied by the on-farm irriga-
tion system, ET¢rop—crop transpiration, ETyc.q—transpiration from weeds, WE—wind
drift and evaporation, RO—runoff, AS—variation of soil water storage, Drz—drainage at
the bottom of the root zone, CR—capillary rise. Usually, ET is assumed to be the sum of
crop and weed evapotranspiration (ETcrop + ETyeed = ET).

The following relations are further applied in the following equation:

N .

Irrig = Irrig (10a)
E,
Irri

Isy = =5 (10b)
T

where Irrig is the amount of water applied by the on-farm irrigation system, Nyjg is the
net irrigation requirement, Iy is the water delivered at the hydrant or turnout, E, is the
application efficiency of the on-farm irrigation system and Er is the transport efficiency of
the on-farm irrigation system (tertiary network). Thus, the on-farm irrigation efficiency, Er,
is the product of E, and Er.



Agronomy 2023, 13, 1938

14 of 36

Figure 7 relates the water balance terms at the irrigated field level to the types of

uses as defined by [61]. Thus, it clearly shows the differences between the beneficial and
nonbeneficial water fractions.

Water delivered to the

field at the hydrants
and turnouts (lgy)

Precipitation (P)

Water inputs

Capillary rise (CR)

D 3
crop evapotranspiration (ET,,,) and incorporation in plant B-P 2
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weed evapotranspiration (ETyyeeq) B-NP
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wind drift + evaporation (WE) |, lGaf surfaces NB g
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>
water drainage (Dg;) + bottom of the root zone | NB 2
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runoff (Ro) + farm limits NB <
LW> leakage + evaporation (LE) + tertiary network NB

Figure 7. Quantifying water balance terms at the irrigated field level, for water accounting at the

collective irrigation system level (B-P—beneficial process use; B-NP—beneficial nonprocess use;

NB—nonbeneficial use).

At the irrigated field level, water accounting is vital because it provides accurate and

reliable data, which can be used as a basis for [6,36,83] the following:

i
ii.
iii.
iv.

Estimating the crop water and irrigation needs in each field of the CIS;

Informing farmers whether they are paying for the irrigation water they spend;
Identifying losses that can lead to water waste and quantifying on-farm efficiency;
Optimizing irrigation practices, such as adjusting the timing and frequency of irriga-
tion to match crop needs and soil moisture levels as it can help to reduce water losses
and improve crop yields, leading to increased WP;

Identifying the crops that are most water-efficient and, thus, better suited to local
water availability, boosting WP.

The integration of both types of information at the CIS level allows to accomplish the

following;:

i

ii.

ii.

iv.

Vi.

Vii.

Quantify/estimate the amount of water used /needed for irrigation within the irriga-
tion perimeter (which we designate as irrigation requirements at the source, SIR) by
identifying the water requirements of different crop patterns [106].

Identify areas of water loss or inefficiency both at the field and at the distribution
network levels.

Compare the water delivered at the hydrants/turnouts (Isyy) with the irrigated field
water demand (IR) and to quantify performance indicators such as the relative water
supply [16,107].

Maintain adequate supply at the hydrants/turnouts, making adjustments when
necessary.

Provide relevant, reliable, comparable, and understandable information, allowing
an informed debate among the stakeholders [25,91]. This is very important, since
local-level water users may have a very different perception of their levels of wa-
ter services compared with organizations that are responsible for delivering these
services [21,22,89,91].

Facilitate the dialogue and cooperation among different irrigation water users within
the collective irrigation system, and develop mechanisms for solving conflicts and
sharing water resources fairly by promoting equitable use (together with ii.)
Improve the CIS global irrigation efficiency and productivity.
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5. Methodologies in the Framework of Water Accounting: Strengths and Limitations

IWA at the collective irrigation system level requires the quantification of water from
the point where water is diverted from the reservoir, river, or groundwater source into the
network to the point where it is used by the plants, both in the conveyance and distribution
network and at the level of irrigated fields [17]. Direct measurement of the water balance
terms is the most accurate method. Despite increasing pressure on both groundwater and
surface water resources in many agricultural regions, most of the agricultural water use
worldwide is not monitored, with limited metering of irrigation [17,24,25]. Thus, alternative
methods are used to estimate agricultural water use, such as tabulated values or remote
sensing methods. Additionally, there are models that can be used to estimate agricultural
water use terms.

5.1. Water Accounting at the Collective Irrigation System Level Based on In Situ Measurements
5.1.1. Conveyance and Distribution Network

At this level, the main components to account for are the amount of water entering
the CDN over time, which we designate as water diverted (DIV) and different water uses.
The beneficial use corresponds to the water delivered to each field or irrigation unit (Isy)
plus the water used for the maintenance of the network (Vy,), plus the minimum volume
to operate the channel (Vo). Committed nonbeneficial uses include losses by evaporation
in reservoirs and channels (Ecr), seepage or percolation in channel and intermediate
reservoirs (Perc), and leaks in pressurized pipes (L). Finally, any uncommitted use or loss
corresponds to discharges in channels (V4.), representing an operational requirement of the
system (Figures 4 and 5). Cunha et al. [63] show that V4. can be one of the most relevant
components of nonrevenue water, representing approximately half of its total volume,
followed by leakage in canals.

Measuring equipment should be installed at key points of the conveyance and distri-
bution network to measure DIV and Igy [25,108,109]. When the transport and distribution
of water is performed in open channels, the water level is controlled through weirs and/or
gates (e.g., AMIL gates), and flow is typically measured by reading the water level in the
weirs and flumes. In pressurized pipes, flow is controlled through valves and measured
through propeller, electromagnetic, or ultrasonic flowmeters. Regarding the water delivery
at the farm gate, turnouts can be equipped with flowmeters, which in some cases also
control the flow rate (e.g., Neyrpic modules). In pressure delivery, hydrants are frequently
equipped with hydrometers that regulate the flow rate and delivery pressure [97]. The
discharge of excess water in channels, V4, is usually measured through a weir and its
calibration curve. The remaining terms are generally not measured but estimated based on
various methods, as described in Section 5.2.2.

Flowmeters have different characteristics according to their working principle. To-
talizer and instantaneous meters can be used, depending on the specific requirements
of the application [110]. The first type of flowmeter measures the total volume of water
diverted or delivered over time and is suitable for pressurized systems where high head
losses are unacceptable and water is priced based on volume [111]. The registration of
the accumulation can be automatic, via mechanical or electronic methods, or manually, by
averaging multiple discrete flow measurements over an irrigation event [110,111]. Propeller
meters are an example of totalizer meters that provide accurate measurements [112-114].
Instantaneous meters, such as differential pressure flowmeters, electromagnetic or ultra-
sonic, on the other hand, measure the flow rate at a specific point in time and are useful for
monitoring changes in flow over time [115,116].

Continuous measurements over time are essential to water accounting when water for
farmers is provided on demand from the CDN [110,115]. Without these devices, frequent
measurements are required to characterize the demand pattern and to make delivery
changes or seasonal corrections in flow [110]. This type of device presents advantages
compared with manually read water meters since they enable real-time remote continuous
flow monitoring and automatic data collection of water flow rates and quantities (e.g., the
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SCADA system which is a supervisory control and data acquisition system), as well as
more efficient and accurate data analysis. Moreover, the ability to monitor water flow rates
and quantities remotely can help identify and address potential problems early, such as
leaks or water losses, before problems escalate. Regarding the placement of water meters in
remote locations, battery power or solar power can be used to power the devices, providing
a sustainable and reliable power source.

The selection of the proper measurement device depends on site-specific aspects and
variables, such as accuracy requirements, cost, range of flow, head loss, adaptability to the
site and variable operating conditions, and maintenance requirements [109,115,117]. It is
important to select the most appropriate measuring device aiming at minimizing errors
since most of water measurement devices present small errors of less than 5% [109,110,115].
Selecting an inappropriate device can occasionally lead to high errors because measurement
techniques are only useful for a limited range of flow conditions [110,115]. Sediment
deposits and suspended debris can also alter the conditions of flow within the measurement
devices [115].

Table 1 summarizes different types of measurement equipment, analyzes their strengths
and weaknesses, and provides references for examples of their application.

The difficulty faced by managers and regulators in implementing and enforcing in
situ metering is a key factor underpinning the low levels of metering of irrigation water
abstraction/diversion. Farmers may oppose or lobby against the installation of meters
due to concerns about increased future regulation [118,119]. In situ measurements using
flowmeters have high maintenance costs, so great efforts must be made when covering
large irrigated areas [17]. When meters are installed, collecting readings and maintaining
monitoring infrastructure can be extremely costly and time-consuming for resource-limited
regulators [120] and must be accompanied by strong sanctions and penalties to deter rule
breaking or cheating [121]. In many regions, metering systems are never installed or quickly
fall into disrepair due to meter tampering, poor maintenance, and insufficient penalties for
rule breaking [122].

5.1.2. Irrigated Field

Water supply to the irrigated fields (Isyy) can be measured at the turnouts or hydrants
as described in Section 5.1.1., while precipitation inputs are measured in rain gauges
installed in situ or retrieved from the meteorological stations” network.

Beneficial consumptive use, evapotranspiration (ET) or its terms, evaporation (Es) and
transpiration (T), can be obtained directly from measurements with in situ sensors and
equipment (Table 2). However, ET measurements are not able to distinguish process (crop
transpiration) from nonprocess (weed transpiration) consumption.

The measurement of nonbeneficial use, including drainage (D) and runoff (RO), can
also be performed using in situ sensors and equipment (Table 2). The most direct measure-
ment of D is taken by a drainage lysimeter where the volume of water passing through
the bottom boundary can be collected and quantified [123]. Another option is to install
tensiometers within the root zone and measure the water potential to calculate the vertical
water flux through a soil plane applying Darcy’s equation [124,125]. Tensiometers should
be installed at multiple locations to account for spatial variability. This equipment when
coupled with a pressure transducer may provide for continuous remote readings.

As for runoff (RO), the most basic measurement method involves diverting flow to
a small reservoir [126,127] and then quantifying the volume received in a certain period.
This setup is typically inexpensive and easy to install but requires that the reservoirs be
periodically emptied if long-term monitoring is desired. Alternative systems have been
designed to mitigate these problems, including dividing flow into multiple containers or
using electronic water sensors [128] or tipping buckets [129,130]. The soil water storage
(S) is calculated from soil water content (SWC) measurements obtained directly from
gravimetric sampling or indirectly by using a variety of sensors [131] (Table 3).



Agronomy 2023, 13,1938

17 of 36

Table 1. Measuring devices to monitor irrigation water in conveyance and distribution networks.

Device Description Example Measurement Strengths Weaknesses References
fl truct . iy .
. over OW. structure broad and sharp-crested  instantaneous; flow rate; . sensitive to sediment
Weirs perpendicular to a . . . wide flow range .
. weir; V-notch, Cipolletti ~ manual deposits
channel axis
. . te if designed - .
sections that force flow long and short-throated instantaneous; flow rate; Very.accura ¢ irdesigne sensitive to sediment
Flumes and installed properly; .
to accelerate flumes; Parshall Flume manual deposits
low head loss
TCJ Submerged flow rate depends on the meter vates: orifice plates instantaneous; flow rate;  used when cost and high head loss; sensitive
g orifices pressure difference gates; p manual space are limited to debris [110,111,115,116]
=
o . . the velocity b . .
Acoustic velocity measure the veloelty By acoustic Doppler; transit .
directing ultrasonic . instantaneous; flow rate  low head loss narrow range of flow
meters time
pulses
used in channel check
Flow control structures to control check gates, radial gates instantaneous: volume expensive; can be used in  high head loss; sensitive
structures canal flows and water (e.g., AMIL), sluice gates ! lined and unlined canal to debris
levels
Deferential head  use Bernoulli’s principle ~ Venturi, orifice, pitot, totalizer, the flow rate inexpensive; very not suitable for high flow
meters to measure the flow shunt meters accurate rates
. . o . totalizer; fl t .
Mechanical rotation velocity is propeller meters, turbine otazer; How rate measure instantaneous narrow range of flows;
] . . volume -y .
g velocity meters proportional to the flow  meters, paddle wheel flow and volume; low Sensitive to debris
‘A rate velocity meters head loss; no need for
o
g supply power [111-113,115]
§ Magnetic meters ~ based on Faraday’slaw ~ magnetic electrodes instantaneous; flow rate  no obstructions, no low head loss
§ of induction problem with debris, and narrow range of flows
~ no head loss

Acoustic
flowmeters

measure flow velocity by
directing ultrasonic
pulses

diametral-path
flowmeter and
chordal-path flowmeter

instantaneous; flow rate
and volume

high accuracy,
nonintrusive, incurring
no head loss

expensive
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Table 2. Determination of beneficial and nonbeneficial components for WA at the irrigated field scale using in situ sensors and equipment.

Term Equipment Base of the Method Comments Reference
Microlvsimeters difficult to install without soil disturbance; need several repetitions;
Es Minil }s,imeters water balance of the surface layer (up to 0.20 m) tend to overestimate Es due to lack of account for water consumed by [132,133]
y the plant; noncontinuous measurements; low cost; research
. . e i d skills f impl tation; i titions;
heat pulse velocity method, Granier heat dissipation TEqUITES §oOT SKILS 10T SENSOr Imp eMEntation; requires repetitions
T Sap flow . good accuracy; continuous measurements; requires calibration and [134,135]
method, tissue-heat balance method . . .
adequate skills for data processing; sensors are fragile; research
statistical covariance between vertical fluxes of vapor ~ ™° installation disturbance; continuous measurements; good
ET Eddy covariance/OPEC or sensible heat p accuracy; calibration and skills for data processing; large fetch; fragile [136,137]
sensors; high cost; research/practical applications
Bowen ratio energy balance energy be?lance in the near-surface layer above the practica} and relatively relia.ble; no I?eed for repli.cations; large fetch; [138,139]
evaporating surface good skills for data processing; fragile sensors; high cost; research
Scintillometers measurement of the sensible heat flux good accuracy; cont{nuous readings; needs p.ost—.proc.essmg correction; [140,141]
covers large areas; simple to operate and maintain; high cost; research
Weighing containers with soil dug from the field and repacked; disturbance during mstalla‘tlon; gOOf:l‘accura‘cy afte'r calibration; may
. . . . . . not represent the average field conditions; high maintenance; [142]
lysimeter ET is obtained by weight differences over time . -
continuous measurements; high cost; research
Drainage containers with soil dug from the field and repacked; disturbance in 1nst§11at10n; n.e (.a'd rephcajclons; accurate; may not .
D ] . represent average field conditions; continuous measurements; high [143,144]
lysimeter measurement of the drainage collected at the bottom
cost; research
Tensiometers measure matric potential profiles for the application of some disturbance during installation; needs many replications; [145]
Darcy’s law accurate; continuous measurements; research /practical applications
. th ff is directed t ir, where its vol i . . . .
Reservoirs € runotiis directed to a reservotr, Where 1ts vorume 1s easy to install, cheap, high maintenance (must be emptied frequently);
.. measured .
RO Tipping buckets . . . . . water loss due to evaporation; unable to sample small runoff events [129]
each time the bucket is filled, it empties automatically o . . L
Flumes needs calibration; can be expensive to install and maintain.

measure water depth above crest

(Es) soil evaporation, (T) transpiration, (ET) evapotranspiration, (D) drainage, (RO) runoff. NOTE: Symbols, abbreviations and acronyms are given in Appendix A.
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Table 3. Soil water sensors based upon the soil dielectric constant for the measurement of soil water content *.

Type Description Examples Characteristics Weaknesses Website
TRASE one probe measures one depth Z)fpten;lve; teghr}lcal. kntoxﬁzlf.dge; soil  (https:/ O1/ wwzwl\.ioﬂr;(;)zlzture.com,
Parallel rods act as transmission lines. 1sturbance during mstatiation accessed on ay )
9 Voltage is launched along the rods and limited to soils with high (https:/ /acdli d
a reflected back to the sensor. The velocity of TDR 305-315H portable; high accuracy conductivity; expensive; technical 2 MpS- 20;;;: tma.com, accessed on
= the voltage pulse is related to the dielectric skills y
permittivity of the soil SoilVUE six or nine depths measured with  power and connection for (https:/ /campbellsci.com, accessed
one sensor transmitting data; expensive on 2 May 2023)
. . . . . . (https:/ /sentektechnologies.com,
EnviroSCAN permanent; multi-depth support and license; expensive accessed on 2 May 2023)
o Measures the charge time of a capacitor, . . when damaged, it cannot be (https:/ /sentektechnologies.com
] . _ 7 4
é which uses soil as a dielectric medium. Drill & Drop permanent; multi-depth repaired; technical skills accessed on 2 May 2023)
5 The capacitance sensor forms a pair of . disturb (https:// - met
g, electrodes and the soil acts as a dielectric. ~ Teros 12 simple installation; multi-depth CXpensive; air gaps or disturbances ps:/ FWWWANELErrotip.com,
I . LT that could affect the measurements accessed on 2 May 2023)
S The capacitor charge time is a linear
-4 function of the dielectric permittivity of . . . limited range (0% to 40% of (https:/ /sentektechnologies.com,
E the soil. Diviner portable, multi-depth; affordable volumetric water content) accessed on 2 May 2023)
hand insert or buried in situ; . . . (https:/ /www.metergroup.com,
ECH20 affordable it may experience sensor drift accessed on 2 May 2023)
Similar to TDR, but measures the Aquaflex solas ba’fte.ry; adjusts to the soil technical skills (Zhl’\c/t[ps:/z/;quaﬂex.co.nz, accessed on
E transmission of a pulse along a looped rod. conductivity ay 2023)
= It measures the time from the start to the ) . . (http:/ /vegetronix.com, accessed on
end of the loop. VH400 low cost; portable experiences sensor drift 2 May 2023)
y . ) maintenance-free; buried or . . . . (https:/ /delta-t.co.uk, accessed on
£ It has two components: the dielectric ThetaProbe portable; = 1% SM accuracy one single depth; technical skills 2 May 2023)
3 constant and the soil electrical o 1 libration i httos:/ /deltat K q
g conductivity. PR2Profile installed or portable expensive; regular calibration is (https://delta-t.co.uk, accessed on
= necessary to ensure accuracy 2 May 2023)

* Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by

the authors.
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During recent years, several dielectric sensors have been developed, assessed under
site-specific conditions, and compared. Those sensors, also called permittivity sensors, are
classified into four groups: (i) time-domain reflectometers (TDR), (ii) frequency-domain
reflectometers or capacitive (FDR), (iii) time-domain transmitters (TDT), and (iv) impedance.
The accuracy of soil water sensors depends on several factors, such as the technologies
used, calibration procedures used to convert raw data into soil water content, soil texture
and salinity, and installation specifications [131,146-148]. Neutron probes, which have
been forbidden in the EU but are still used worldwide, present high accuracy [149]. The
gravimetric method is employed as a reference method for sensor calibration [150]. Recent
reviews have compared the working principles, advantages, and limitations of various
soil moisture sensors developed over the past three decades [146,148,151,152]. Table 3
summarizes different types of soil water sensors, analyses their strengths and weaknesses,
and provides references for examples of their application.

5.2. Water Accounting at the Collective Irrigation System Based upon Estimations

Access to reliable and up-to-date information on water demand and availability is
crucial for effective water management in CIS, but the lack of complete records is a major
challenge [25]. Estimation methods that use available data and advanced technologies,
such as remote sensing or modelling, have become popular for estimating water use. Addi-
tionally, they can provide valuable insights into water use patterns and trends. Estimation
methods, which are theoretically less accurate, are often less expensive and easier to imple-
ment and maintain than direct in situ measurement methods. However, whenever possible,
the two approaches should be used in a complementary way. WA methods that can be
used to estimate agricultural water use at the CIS level include approaches with varying
degrees of accuracy and complexity, ranging from the tabulated values of annual irrigation
water demand to modelling. The accuracy of these estimates depends on several factors,
including the quality and availability of input data, their representativeness for a given
region, the type of statistical models used, and the spatial resolution of the analysis. Some
of these methods are described in the following sections.

5.2.1. Estimation of the Water Use at the Collective Irrigation System Level

Irrigation water requirements at the source of the collective irrigation system (SIR) are
obtained from the global irrigation requirements (GIR) of all the crops in the CIS at the field
level, and the conveyance and distribution efficiencies (Equation (11))

GIR Ar
IR = 11
S (EC.ED> (100, 000> (1)

where SIR is the irrigation demand at the source (hm?), GIR is the global irrigation require-
ments for the CIS cropping pattern (mm), Ec and Ep are the conveyance and distribution
efficiencies (Section 5.2.2), and Ar e the total area to irrigate (ha).

In its turn, GIR (mm) is calculated as:

n A
GIR = Y IR 2L 12
,; (AT) 12)

where IR; is the irrigation requirements for each crop (mm), A; is the area occupied by each
crop (ha), and Ar is the total irrigated area of the CIS (ha).

The calculation of GIR and SIR requires the previous determination of the crop irriga-
tion requirements. The main estimation methods are as follows:

(i) Tabulated values of annual irrigation water demand

The irrigation water demand accounting over large areas can be based upon tabulated
values of irrigation needs per crop and per irrigation system, for different regions. It is the
case of the information made available by national or regional irrigation authorities. Prior
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to the irrigation season and after the farmers have declared the crops they will produce
and associated areas, the CIS manager can estimate the annual volume of water needed at
the source of the collective distribution network (SIR).

Tabulated values of IR for each crop are commonly obtained through empirical or
simple modelling approaches using data from field experiments, observations, and histor-
ical records of consumption. They allow for a quick accounting of water demand at the
collective irrigation system level. However, they may not account for variations in local
factors that can influence water use, namely, climate conditions, as well as for changes in
land use and management practices that can affect water use patterns. In Europe, several
water management authorities provide tabulated values of annual IR for different crops
grown in different regions, including cereals, horticulture, and vineyards [153,154]. Other
examples refer to Spain, France, Australia, New Zealand, Canada, and Colombia [155-160].
Table 4 shows an extract of a table produced by the Portuguese irrigation authority.

Table 4. Tabulated values of annual irrigation requirements for the Alentejo region in Portugal for
different crops, irrigation systems, and wet and dry years (adapted from [154]).

Crop Annual Irrigation Requirements (IR, mm)

c Scenario A—Wet Year SCENARIO B—Dry Year

ro
P Sprinkler  Centre Pivot Drip Sprinkler  Centre Pivot Drip
Maize 725 640 605 877 772 730
Tomato 465 410 385 551 488 462
Potato 495 435 415 599 525 641

Sunflower 345 305 290 415 368 347

This method provides a straightforward way to balance availability and demand for
the upcoming irrigation season and, thus, to support the decision-making of the WUA
manager regarding the CIS cropping pattern. However, since the irrigation requirements
vary during the season, reaching a maximum in the peak period, this method cannot inform
if the balance is positive for the peak period.

(ii) Water balance modelling

Irrigation requirements at the field level can be obtained indirectly from the soil
water balance (Equation (9)) applied to the crop root zone, once all the other terms (ET, D,
RO, S) are known. Usually, for practical engineering purposes, ET is estimated through
modelling rather than measurements, given climate data, the initial conditions for soil
water storage, soil characteristics, and crop parameters. There is a range in the complexity
and variety of models for assessing irrigation requirements at the field level. Considering
the approach by which the various models simulate water dynamics in the soil-plant—
atmosphere continuum, it is possible to distinguish comprehensive, fully process-driven
models from simple empirical applications. Examples of these types of models applicable
at the field scale are given in Table 5, including application case references. Process base
models are computationally intense, require expertise, and are demanding in terms of input
data. Furthermore, they need preparatory work of calibration and validation prior to being
used with different crops and soils, which is a rather expensive and time-consuming task.
Conceptual models are process informed and require greater empirical evidence to support
the selection of coefficients. Although they do not offer a full process representation, they
provide simple, useful, and accurate information for water accounting when properly
calibrated. They are frequently used to assess irrigation requirements at the field scale,
specifically in terms of adopting adequate irrigation schedules, which should result in
optimal yields, and agricultural practices that allow reducing yet optimizing water use,
aiming particularly to reduce nonbeneficial uses [83]. When integrated at the CIS level
(e.g., through a GIS), some of these models allow for the estimation of GIR (Equation (12))
and SIR (Equation (11)).
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Table 5. Models for the determination of irrigation water requirements at the field level.

WB Model Reference Determination of ET
CROPWAT [161,162]
ISAREG [106,163] Empirical—single crop coefficient
B SIMETAW# [164,165] P gie crop
s WATNEEDS [166,167]
& AQUACROP [168,169]
2 FAO-2K. [170]
S MOPECO [171,172] Empirical—dual crop coefficient
Optlrrig (PILOTE) [173,174]
SIMDualKc [175,176]
3 Hydrus-1D, -2D [177,178] Process-based—T; Empirical—Eg
@ CERES [179,180]
- DAISY [181,182]
§ RZWQM?2 [183,184] Process-based
£ STICS [185,186]

Conceptual water balance models usually present empirical modules and/or energy
balance approaches [187,188] for the estimation of crop water requirements (ET). The most
commonly used empirical approach for estimating crop ET is the FAO K.-ET,, which
provides good estimations of ET under various climatic conditions [189]. Crop evapotran-
spiration estimated by this method is designated as ET. (Equation (13)). This approach,
known as single K, considers the average effects of both soil evaporation and plant tran-
spiration and is used in most cases. When ET. is partitioned into crop transpiration (T, mm)
and soil evaporation (Es, mm), these are computed using the basal crop coefficient and the
evaporation coefficient (K4, and K¢, dimensionless) (Equation (14)). This approach is used
mainly for research purposes, using a daily time step to compute ET, for row crops and
other situations where the soil is exposed [170,190]. Several authors, e.g., refs. [189,191-193],
developed tables that provide information on crop coefficients and the crop growth stages,
which may be improved by using GDD (growth degree days) and RS (remote sensing) and
other factors, such as the canopy shading area.

ET. = ET, K, (13)

ET. = ET, (Kg + Ke) (14)

where ET. is crop evapotranspiration (mm), ET,, is the reference evapotranspiration (mm)
and K. is single dimensionless crop coefficient, K, is the basal crop coefficient, and K, is
the soil evaporation coefficient.

The ET. estimated for all the crops is used as input to the soil water balance for the
determination of the crop net irrigation requirements, Nyjg, which are affected by the
on-farm efficiency (transport and application), in order to obtain the irrigation demand of
each crop (Equation (15)).

NIrrigi A

IR; = i
i E; 100,000

(15)
where IR; is the irrigation demand of crop i (hm3), Nrrigi is the net irrigation demand of
crop i, occupying an area A; (ha), and E; in the on-farm efficiency, considering the losses in
transport and application within the irrigated field (fraction).

When the irrigated field presents more than one crop, the total irrigation requirement
of the field is given by the crop average IR, weighted by the area occupied by each crop.

WA at the irrigated field scale also involves the quantification of nonbeneficial ET,
such as the consumption of weeds, wind drift, and evaporation losses in sprinkler irriga-
tion [83,194]. Mohammadpour et al. [195] estimated the nonbeneficial evapotranspiration
relative to the surface and pressurized irrigation at 22% and 32%, respectively, using the
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water accounting framework. Wind drift and evaporation to the atmosphere associated
with sprinkler irrigation can be estimated using water balance, energy balance, and semi-
empirical /empirical methods [196-198].

(iii) Remote sensing

The implementation of accurate WA procedures to provide reliable estimates of the
agricultural water demand at the CIS level is dependent on the ability to obtain data
representative of the actual field conditions. Since agricultural water use is often not
measured, the WUA databases present frequently incorrect and outdated data.

IWA based on remote sensing (RS) data has been proposed as a solution for spatially
explicit monitoring of agricultural water use over large areas such as CIS, assessing benefi-
cial water consumption, especially when there is negligible in situ water use monitoring
infrastructure to support agricultural water management [25,55,61]. RS can be used both
independently or in combination with soil water balance modelling and in situ monitoring,
allowing in this case also for the estimation of nonbeneficial uses. Furthermore, the World
Bank [199] has emphasized the important role of satellite monitoring of irrigated areas
concerning evapotranspiration (ET) and irrigation water use in supporting future water
resource planning and decision-making. This approach has the potential to address the gap
in the lack of in situ monitoring of agricultural water withdrawals from both groundwater
and surface water sources [17,101,200]. In fact, remote sensing-based water accounting
has been used for different purposes, such as detecting unauthorized water use [200],
monitoring water abstraction [101], estimating water use in small parcels with detailed
crop patterns [201], and monitoring large irrigated areas [17].

The use of RS in IWA includes mapping of irrigated crop areas and their actual evapo-
transpiration ET [188,201]. The methods include surface energy balance models [202,203]
and reflectance-based crop coefficient methods [17,100,101,187]. Remote sensing-based
energy balance (RSEB) models, such as Surface Energy Balance Algorithm for Land (SE-
BAL) [202] and Mapping Evapotranspiration at High Resolution with Internalized Calibra-
tion (METRIC) [203], have been used for over three decades to estimate evapotranspiration
(ET) over large areas [188,202-204]. These models 