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EXECUTIVE SUMMARY

Precisionlrrigation

An irrigation system that:

1. knows what to do;

2. knows how to do it;

3. knows what it has done; and
4. learns from what it has done.

The Review

Precision irrigation is still in its infancy both in Australia and intgionally. Despite the
widespread promotion and adoption of precision agriculture in dry land cropping systems,
the concept oprecision irrigation oirrigation as a component of precision agricultural
systems has not been widely canvassed its potential evaluated Thisreport is the
outcome from a NPSI fundedview of relevantirrigation research, existing technologies
and the use of precision irrigation. It inclgdan assessment of the role of current
irrigation application technologies in prision irrigation, as well asvariable rate
applications, adaptive control and the sensing and decision support requiremkats.
review also provides a framework to guidesearchand development of precision
irrigation and its associated sensing, con@ald decision support technologies.

The aim of the review was to detail the current state of the art of precision irrigation,
including:

1 an agreed conceptualisation and definition of precision irrigation,

1 conceptualisation of how precision irrigatiomght be implemented for each of
the current irrigation application systems (sprinkler surface and micro), including
as appropriate the sensing, control and decision support requirements,
identification of opportunities for and potential benefits from isien irrigation,
identification of current research in precision irrigation and more particularly a
clear direction for future research in precision irrigation, and
1 development of a series of case studies where precision irrigation is being

implemented irwhole or part.

E

It is significant that no systems were identified in this country that could truly be
classified as precision irrigation systems. However research is active in a number of areas
relevant to precision irrigation and many of the componeoistand technologies have

been or are being developed. Examples of these are illustrated in the case studies
included throughout the revieand include:

use of management zones in horticulture,

automation of surface irrigation,

reattime optimisation okurface irrigation,

spatially varied applications from centre pivot and lateral move machines,

vision sensing of crop attributes, and

irrigation scheduling using remotely sensed crop factors.
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Conceptualisation

Precisionfarming requires a redime knowkdge regarding the processes which are
limiting production at any time in all areas of the fielthe experience from precision
agriculture suggesthat the variables controlling crop yiedde thosehat require within

season managemefg.g. water, nitogen, pests and diseages other wordsthose
requiring an automatic responsk.also suggests that themporal variations (within and
between seasons) are greater than the spatial variability that the variable rate technologies
attempt to address.

Experiencealso suggests that the practice of precision agriculture might be far more
effective when applied in irrigated rather than-third agricultural systems. It might also

be possible that spatially varied inputs to productiother than waterwill be less
necessary for irrigated crops as the improved water management reduces the significance
of variations in the othemputs. The role of irrigation as a spatially varied input to
production is a natural extension of its present and primary rolmimimising the
temporal variation in crop water supply.

The move toward precision irrigation implies a system that can adapt to the prevailing
conditions. Also implied is the idea that the system will be managed to achieve a specific
target which, forexample, may be maximum water use efficiency, maximum vyield or
maximum profitability.

It is likely that the control requirements will be specific to the irrigation application

system employed. However, in all cases there will be a need to:

1 sense the wat application and crop response at a scale appropriate for management,

1 make a decision for improved irrigation management using both historical (and
possibly predictive) data, and

1 control either the current (in redime) or subsequent irrigation apgtions at an
appropriate spatial scale.

This leads directly to the conceptualisation of a precision irrigation system as one that

can:

1. Determine the timing, magnitude and spatial pattern of applications for the next
irrigation to give the best chancéroeeting the seasonal objective (i.e. maximisation
of yield, water use efficiency or profitability);

2. Be controlled to apply exactly (or as close as possible to) what is required;

3. Through simulation or direct measurement knows the magnitude and spdgah pat
of the actual irrigation applications and the soil and crop responses to those
applications; and

4. Utilise these responses to best plan the next irrigation.

A potential stumbling block to the introduction of effective pigon irrigation is the
necesary understanding of the crop production systems and the ability to identify the
interactions between the various crop inpul® productivity gains andhe operating
constraints/costs. The relatively recent development of crop simulation modetedor
provides the first step towards a framework which may enable the id=attdn of

optimal strategies. lese modelgare an essentigdart of the reatime decision systems
required for preision irrigation by incorporation into controllers on irrigatiapplication
systems.Limitations of these models aside, the lack ofdowst, norinvasive (proximal)

sensors able to provide measures of crop and soil responses across entire fields at relevant
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spatial scales means that precision irrigation systemshai to rely on simulation for
the foreseeable future.

In conceptualising how the current irrigation application systems can be reinvented as
precision irrigation systems, four spatial scales are important. The first of these is the
scale at which therigation applications can be controlled. This is clearly a characteristic
of the application system and varies from about 4fon a low energy precision
application LEPA) system on a centre pivot machinop to about a hectare for bay
irrigation. Thesecond is the scale of the actual spatial variability in the irrigation
applications. In practice this will be the scale at which the variation of the actual
applications can be measured or predicted. This will also be the scale at which the crop
simulaion model will determine the crop response to the irrigation and predict forward in
time to predict the effect on yield and water use efficiency. The data at this scale will also
used in planning the next irrigation. In the case of LEPA this will beséime as the
control scale but for bay irrigation it could be unit length of the bay. The third scale is the
scale of the crop variability which will be related to the root zone extent of the individual
plants. The final scale is that associated withsensing of crop or soil parameters. This

will most likely be the largest of the four scales and needs only to be sufficiently frequent
to ground truth the relevant simulation model.

Benefits of Precision Irrigation
The published literature contains|ktion the benefits of precision irrigation and what has
been published tesdo focus on the single aspect of spatially varied applications.

Precision irrigation has the potential to inceed®th the water use andconomic
efficiencies by optimally matahg irrigation inputs to yields in each area of a field and
eitherreducing the cost of inputs or increasing yield for the same inputs.

By applying theoptimum amount of irrigation throughout fie|drostresearcherexpect

a reduction inwateruse on tleast parts of fieldand in the total applicationf not a
reduction aggregated over entire fieldfkesults from case studies of variable rate
irrigation showed water savings in individual years ranging from zero to 50%, and
savings averaged over amber of years from 8 to 20%

There is potential for yield improvements e data here are far more variable and less
conclusive. It is also suggested thia¢ yield benefits may not cover the costs of the
technology required It was also suggestedatspatially varied applications increased

ri sk and that the potenti al economic benef
for risk is low. Otherssuggested that substantial field variability and high crop prices are
required for VRI to be prafable. It also depends heavily on the useful life of the
equipmentwith payback periods from 5 to 20 yeatsgygestedor variable rate irrigation

in dairy and cropping in New Zealand.

It remains to be seen whether the costs can be reduced signifmanthether a simpler
form of precision irrigation is needed that does not involve spatially varied applications.

Research Opportunities
While many of the tools and technologies that will comprise precision irrigation systems
are currently available, sstantial research and development is required before a truly
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precision system is available for testing and adoption by the irrigation community. The R
& D opportunities that emerge from the review fall into four categories.

Integration of technologies

Integrationof the various component technologies for precision irrigation stands out.
Combining the crop and soil sensing with appropriate crop growth simulation models to
provide the seasonal decision making model is a necessary first step for alhadjtne
crops. Combining that with the system for the control and optimisation of the particular
irrigation application system completes tpeecision irrigationsystem. Given the
dominant position in the irrigation sector occupied by the various formsuidhce
irrigation and the substantial gains possible in application efficiency and yield (and hence
water use efficiency) this would seem the likely priority area.

Technical feasibility

The technical feasibility oprecision irrigationneeds to be estidhed at two levels,
conceptual and practical. At the conceptual level, simulation can establish the optimum
spatial scales for the range of crops and application systems. This will account for the
spatial limitations of the application system, the ¢t@sts imposed by the sensing needs
and capability, and the ability of the simulation tools to accurately predict the affects on
crop growth and yield of small variations in applied depths. This stage must also
determine if the diagnostic tools needed determine the causes of particular crop
responses are available and sufficiently accurate. At the practical peeision
irrigation systems need to be proven and demonstrated in field trials across the breadth of
the Australian irrigation sector.

Economic benefits

Current and past work has established that there are benefits to be obtained from adoption
of precision irrigation(including spatially varied irrigation applications). However it is

far from clear if the benefits outweigh the costs byuHigent margin to warrant the
adoption. Work needs to be undertaken across a sufficient range of crops, soils and
irrigation application systems to determine where the maximum benefit can be obtained
and to direct the priorities for research investmdritis will also establish the advantages

of full versus staged or partial adoption.

Specifically, quantifying the costs/benefits of full automation of surface irrigation and the
agronomic benefits of spatially varied applications for a range of cropsaapp be of

high priority. It also remains to be shown, via the mechanism of field trials rather than
simulation, that adaptive systems can provide substantially greater benefits than simple
automation and/or traditional irrigation scheduling.

Componentechnologies

Development of improved tools and technologies wédked tobe onrgoing. However

there are some clear immediate needs for particular sensing and simulation tools for the

Pl systems currently under development. These are:

1 low-cost, spatiallydistributed, norinvasive sensing of soil moisture and crop
response;

1 development of a fully deterministic sprinkler pattern model dentre pivot and
lateral move machindgbat can account accurately for varying sprinkler pressure and
height, sprinklepattern overlap, wind, and machine movement;
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Development of a hydraulic diagnostic model for drip irrigation systems capable of
interaction with the system contril deliver spatially varied applications

Improved crop models sensitive to small variatiamdgrrigation management and
with a self learning capability; and

Verification of the use of short range radar for the measurement of the spatial
distribution of rainfall at the subeld scale.
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1 INTRODUCTION

1.1 Background to Review

Spatial variability in crop production occurs as a result of spatial and temporal variations
in soil structure and fertility; irrigation applications; pests and diseases; and plant
genetics. It is argued that this variability can be managed and remobenefit from
irrigation maximized by meeting the specific irrigation needs of individual management
zones through a Precision Irrigation approach.

Despite the widespread promotion and adoption of precision agriculture in dry land
cropping systems, theoncept of irrigation as a component of precision agricultural
systems is still in its infancy both in Australia and internationally. No cohesive
framework is available to guide research, development or adoption of its associated
sensing, control, and dision support technologies.

This report isa review of published and unpublished information on precision irrigation
technologies. It inclugsareview of:

1 international experience with precision irrigation,

1 current research directed toward the develogroEprecision irrigation,

1 technologies that might be adopted as components of precision irrigation systems,

1 evidence to support (or otherwise) spatially varied applications, and

1 potential benefits from adoption of precision irrigation.
It alsoincludes anassessment of the role of current irrigation application technologies in
precision irrigation, variable rate applications, adaptive control and the sensing and
decision support requirements. Opportunities for adoption, future research and extension
needsareidentified.

1.2 Project Objectives

The aim of the review was taletail the current state of the art of precision irrigation
including

1 an agreed conceptualisation and definition of precision irrigation,

1 conceptualisation of how precision irrigatiomght be implemented for each of
the current irrigation application systems (sprinkler surface and micro), including
as appropriate the sensing, control and decision support requirements,
identification of opportunities for and potential benefits from igien irrigation,
identification of current research in precision irrigation and more particudarly
clear direction for future research in precision irrigatenmd
1 development ofa series of case studieghere precision irrigation is being

implemented irwhole orpart.

= =
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1.3 Case Studies

The review has suggested that there are no examples of what mighietcolysidered as

a precision irrigation system in commercial use in Australia. However most of the
essential tools and technologies are either availabbre the subject of current research
and development. The case studietuded in this revievare some of the best examples

of these tools and technologies and serve to illustrate the requirements for a precision

irrigation system.
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2 DEFINING PRECISION IRRIGATION

2.1 Precision Agriculture

Precision agriculture or farming has been defined as farming with preciseness (Kitchen
al.,, 1996) or as targeting the inputs of arable crop production according to crop
requirement on a localised basis (Staffol®96). Various other terms have been
employed to describe precision farming, including: site specific, spatially variable,
prescription, and variable rate. All of these terms mean essentially the same thing
although some people infer slightly differeneamings. For example, Rawlins (1996)
drew an interesting distinction between precision and prescription farming. He defined
precision farming as having the capability to apply inputs precisely when and where they
are needed, but identified that prescapt farming requires a redéiime knowledge
regarding the processes which are limiting production at any time in all areas of the field.

Schueller (1997) identified five types of management response to the spatially variability

of soil and crop propertgewithin a field. Of these two are particularly important, viz:

1 automatici in which a real time response follows immediately that some variable
guantity ismeasured; and

1 temporally separaté in which the appropriate action occurs some time (possible
next season) after the measurement and recording.

In each case there are four essential steps in the process and technologies required

(Kitchen et al, 1996): (i) data acquisition; (ii) interpretation; (iii) control; and (iv)

evaluation.

Most work on pecision farming appears to have been directed toward the application of
temporally separate responses, driven apparently by the disciples of GPS/GIS and vyield
mapping technology. Rawlins (1996) suggested that these and other technologies have
made it posble for farmers to apply spatially variable inputs such as variable seeding

and fertiliser application rates. However, prescriptions to apply these inputs are typically
empirical, based on grid sampling of soil properties. This works reasonably we]IKor

l i me and ot her i nputs that donodt |l each or
suggested that the variables controlling crop yield are more often water, nitrogen, pests
and diseases or other factors that require within season managenwherimords an
automatic response or at least a very rapid temporally separate response.

In a similar vein, Moore (1998) concluded that varying crop nutrient supply is not
necessarily the best management practice in precision agriculture and spexulatsd
variables associated with crop water and energy supply might be manipulated in the
precision agriculture context. To reach this conclusion it is assumed that temporal
variations (within and between seasons) are greater than the spatial varihhilitiie
variable rate technologies attempt to address.

Although research on spatially varied or precision irrigation is currently being undertaken
(this is reviewed in later section of this paper), irrigation is rarely mentioned in the
context of predion agriculture. This is despite the fact that irrigation removes one of the
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main limitations to crop production. Exceptions are Rawlins (1996) and Bucldedér
(1997), the latter study being one of the few leign projects researching the
application of precision farming technology to an irrigated crop. Even though the
Buchleiteret al studymadeno attempt to vary the irrigation applications spatially, the
resultsareinteresting because intuition suggests that the practice of precisionltageicu
might be far more effective when applied in irrigated rather thadady agricultural
systems. It might also be possible that other spatially varied inputs to production will be
less necessary for irrigated crops as the improved water manageedeices the
significance of other input interactions. The role of irrigation as a spatially varied input to
production is a natural extension of its present and primary role of minimising the
temporal variation in crop water supply.

2.2 What is Precision Irrigation

Irrigation aspires to be and should be a precision activity involving both the accurate

assessment of the crop water requirements and the precise application of this volume at

the required time. The prevailing wisdom is that precision irrigasibbould meet the

needs of the crop in a timely manner and as efficiently and as spatially uniformly as

possible. To achieve this, accuracy is required in irrigation scheduling, and in particular

the estimation of how much water to apply, and precisioeqgsired in:

1 the control of the applications so that only the amount needed to be applied is applied,
that is, high volumetric efficiencies; and

1 the design of the applications so that each plant or area of the field receive the same
amount of water, @it is, spatially uniform applications.

An historical hierarchy of irrigation is suggested that parallel the development and

adoption of improved water application technologies, viz:

1. Irrigation (the past practic&)simply the application of water toaps;

2. Precise irrigation (the present objective) ensuring the efficient and uniform
application of water to meet the spatial average requirements of the crop; and

3. Prescription irrigation (the future directiorfi) the accurate, precise and possibly
spatidly variable application of water to meet the specific requirements of individual
plants.

The concept of a Precision Irrigation systes)defined in this repodiffers from the
traditional meaning of precision irrigation, that is: applying precise ataafrwater to
crops; or applying water at precise locations (eg. within the soil profile); or at precise
times. This traditional meaningonnotes a precise amount of water applied at the correct
time, but uniformly across the field. High applicationi@éincies are a key measure in
the traditional definition oprecisionirrigation.

However for this project, we are defining Precision Irrigation within the context of
Precision Agriculture principles. A Precision Irrigation system utilizes a systems
approach to achieve 'differential irrigation' treatment of field variation (spatial and
temporal) as opposed to the 'uniform irrigation' treatment that underlies traditional
management systems. A number of terms are used throughout the literature including
precision irrigation, prescriptive/prescription irrigation, ss@ecific irrigation, variable

rate irrigation and precision differential irrigation. For the purposes of this report, the
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term Precision Irrigation has been adopted.

A review of the Precien Irrigation literature brings up a range of definitions, including:

Precision Irrigation involves the accurate and precise application of water to meet the
specific requirements of individual plants or management units and minimize adverse
environmenthimpact (Misra et al 2005 Raine et al.2007).

The application of water to a given site in a volume and at a time needed for optimum
crop production, profitability or other management objective at the site (Camp, et al.
2006).

Applying water in the rigt place with the right amount (Alaradsheh et al 2002).

Irrigation management (depth, timing) based on crop need to definearsab of a field
referred to as management zones (King £t24106).

There are some common elements to all of these tlefigj including:

1 Precision lIrrigation involves the optimal management of the spatial and temporal
components of water and irrigation.

1 Precision Irrigation is holistic. It should combine seamlessly the optimal performance
of the application system withetcrop, water and solute management.

T Precision Ilrrigation is not a specific
approach. @p yields are optimised through systematic gathering and handling of
information about the crop and the field. A rangf irrigation managemenand
application technology, sensing, mtdg and control technologies are suitable for
use in a Precision Irrigation system.

1 Precision Irrigation is applicable to all irrigation application methods and for all crops
at appropmte spatial and temporal scales.

9 Site specific objectives need to be determined. Precision irrigation systems have the
potential to fundamentally alter darm decision making and to simultaneously
achieve the multiple objectives of enhancing input uséciefcy, reduce
environmental impacts, increase farm profits and product quality.

1 A Precision Irrigation system is a continual learning system. Measurement of the
engineering, agronomic and economic performance are essential in providing
feedback andimpovement for the next cycle, 1ie.

This definition of precision Irrigation is broad and inclusive and reflects that the use of
high technology is not essential to the implementation of a Precision Irrigation system.
However, it needs tbe recognized that an ideal Precision Irrigation system will utilise
advanced irrigation management & application technology combined with sophisticated
sensing, modéng and control technologies to achieve the best possible performance. An
ideal Preci®n Irrigation system is likely to incorporate:

1 Application technology capable gbatially and temporallyariableapplicatiors;

1 Automation;

1 Informatics (information and communication technologies); and

1 Real time control.
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2.3 Key Steps in a Precision Irrigation System

Precision irrigation is best viewed as a management approach defined by the Precision
Farming cycle. There are four essential steps in the process and technologies required:
(i) data acquisition; (ii) interpretation; (iii) control; and (eyaluation.

Other input data:

4 fertiliser, soll,
’ climate etc
glu ion h
; iﬁ Interpretation
m f A
- Control &
\ Irrigation /
Crop Application
response

Figure 1 Precision Irrigation Cycle: (i) Data acquisition, (ii) Interpretation, (iii)
Control and (iv) Evaluation

Data Acquistion

A Precision Irrigation system requires clear evidence of significant spatial and/or
temporal variability in soil and crop conditions within a field and between fields and the
ability to identify and quantify such variability.

Existing technology is available to measure the various components of theogoil
atmosphere continuum (sdihsed monitoring, weather based monitoring, plant sensing),
many in reatime and at sumetre scales, and to provide precise and/ortnesd control
of irrigation applications A practical limitation will be the density of sensing required.

Interpretation
Data has to be collected, interpreted and analysed at an appropriate scale and frequency.

The inadequate development of control and decision support systems for implementing
precision agriculture decisions has been identified as a major stumblick tolahe
adoption of precision agriculture (McBratnest al, 2005). Appropriate muki
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dimensional simulation tools (incorporating crop response, system constraints etc.) are
essential for irrigation optimization.

Control
The ability to reallocate ings and adjust irrigation management at appropriate temporal
and spatial scales is an essential component of a Precision Irrigation system.

Applying differential depths of water over a field will be dependent on the nature of the
irrigation system but cabe achieved in two ways that is: by varying the application rate
or by varying the application time.

Automatic controllers with real time data from-tire-go sensors, should provide the most
reliable and potentially accurate means of controlling inegeapplications.

Evaluation

Evaluation or &6éclosing the |l oopbd i s an i mg
Measurement of the engineering, agronomic and economic performance of the irrigation
system is essential to providing feedback andrawgment for the next cycle in the PI

system.
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3 RESPONDING TO SPATIAL & TEMPORAL VARIABILITY

3.1 Spatial and Temporal Variability of Crop Performance

Spatial and temporal variability of crop factors within a field can have a significant
influence on agrigltural production (Zhangt al.,2002) by reducing yield and quality of
produce (Rainet al.,2007). For example, there is typically a ten foldriation inwine

grape yield across vineyards in any given year (Bramley & Hamilton, 2004). Spatial and
temporal variability has also been reported in cotton (Meredith, 1996; Wilkerson & Hart,
1996 and Elmset al.,2001), corn (Cheret al.,2000; Krachenket al, 2005; and Saddler

et al, 2002), wheat (Ciha, 1984; Jin & Jiang, 2002; and Kellyal., 2004), ad
vegetables (Barber & Raine, 2002).

The spatial factors responsible for yield variability include irrigation-uniformity, field
topography, fertilizernonuniformity, genetic variation, soil hydraulic and nutritional
properties, microclimate diffences as well as pest and disease infestation (Ztaalg

2002). Climatic factors such as rainfall, temperature and radiation also vary temporally
(Zhanget al, 2002). Water commonlglaysa leading role among the factors responsible
for spatial andtemporal yield variability and is a major input resource for precision
management (Saddlet al, 2000; Warrick & Gardner, 1983).

Soil properties that are spatially variable within fields include fertility, texture, physical
properties, chemical propgées and depth (Zhangt al., 2002). Variability of these
properties within a field has been found to affect the crop yield. For examplet@bx
(2003) reported that areas in a soybean field with high clay content had higher yield than
areas with laver clay content. Similarly, when the application of water or water quality
(salinity) is nonuniform in the field, the resulting soil moisture properties may be an
important factor in causing spatial variations in crop yield (Sadlat, 2000).

Yield variability within surfacerrigated fields has been related to the spatial variability
of available soil water due to namiform irrigation (Palmer, 2005). In thisethod of
irrigation the soil infiltration characteristic and its spatial and tempeaahgbility is the
single greatest factor in determining the irrigation performance (Gillie®)20the only
form of water which can be beneficially utilised by the crops is the soil water (#tang
al., 1994), and soil water relations have been shovaxpéain more than 50% of infield
yield variability (Irmaket al, 200L). Temporal and spatial management of soil water can
significantly increase water use efficiency (étral, 1999).

Meteorological conditions (e.g. rainfall, temperature and sht)ligan affect the crop
yield. For example, the climatic conditions during the-lpmevest and drilling stages of

the season may significantly alter soil structure and thus affect the crop yield (Landers &
Steel, 1994). Wind damage, and infestations etdg, insects and disease, are also
spatially variable and often have a significant effect on agricultural production (Zbang
al., 2002).

In-field spatial variability is dynamic within each growing season and between growing
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seasons. Temporal variéityi occurs both intreseasonally (that is, time dependent in day
steps) and interseasonally (that is, time dependent in year steps), respectively. An
example of intreseasonal temporal variability is the dayday change in climatic
parameters, whersaan example of interseasonal temporal variability is the change in
weed infestation patterns between growing seasons (&taig2002).

3.2 Spatial & Temporal Scales Associated with Irrigation
Management

Precision irrigation may be viewed at a ramdescales from the "tactical" or dag-day
management level to the "strategic" or seasonal management level. Strategic precision
irrigation is the result of longer term decision making processes involving the use of
broad scale (@. field or farm leveldata over long time framesdi monthly, seasonal or
yearly data). It should be used to identify broad scale strategies in relation to irrigation
management based on variations in a range of operating variables including crop/variety
selection, plantingarea, planting dates, expected weather conditions, field layout,
equipment constrainend expected economic returns.

However, tactical precision irrigation requires a much smaller areal and temporal focus
and, in its most precise form, an ability toealirrigation management in retaine and at

the submetre scale. Where sensor, decisiaking or control capability is limited in
either temporal or spatial scale, the level of precision achievable is a function of the most
limiting component in the po®ess.

The spatial resolution of th@ecisionirrigation system will be influenced by:

1 spatial scales inherent in the irrigation application system used (eg. the wetted area of
a single sprinkler or emitter, a single furrow etc);

1 spatial limitations as®iated with data acquisition, decision making simulation
capabilities etc; and

1 the spatial scale associated with the variability in the crop water requirements.

The spatial and temporal yield variability within the whole field can be controlled by
dividing the field into homogenous management zpttes is, areas within a field or
irrigation system where crops respond somewhat uniformly to irrigation.

3.3 Spatial Scales Associated with Irrigation Application
Systems

Determining the potential for spatialjaried irrigation requires an understanding of the
characteristics of the various application systems. In particular, there is a need to identify
the spatial scales inherent in the irrigation application system used (Table 1) and the
spatial scale ass@ted with the variability in the crop water requirements. The feasibility
further requires an ability to sense in real time the water requirements of the crop at the
appropriate scale. Applying differential depths of water over a field will be depemlent

the nature of the irrigation system but can be achieved in two ways viz: by varying the
application rate or by varying the application time.
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Table 1 Spatial scales of common irrigation systems

System Spatial Unit Order of magnitude of
spatial scale (M)
Surface- furrow single furrow 1000
Surface- furrow set of furrows 50000
Surfacel bay bay 10000 to 50000
Sprinkleri solid set wetted area of single 100
sprinkler
Centre pivot, lateral move|  wetted area of single 100
sprinkler
LEPA" 1 bubbler furrow dyke 1
Travelling irrigator wetted area of single 5000
sprinkler
Drip wetted area of an emitte 1to 10
Micro-spray wetted area of a single 20
spray

# LEPAT low energy precision application

A further matter to beesolved is the minimum length (or area) scale of dbwial
variability in applications possible witthe various applicatiosystems including lateral
move or centre pivot machines and its relationship to the spatial variability of the crop
response or op water requirements, that is, to the crop management zones. The nature
of sprinkler systems (particularly the spray diameter and overlap) means that the
minimum area of spatially varied applications will probably be very much larger than the
horizontalextent of the root zone of the crop being irrigated. The exception is LEPA
machines where the area scale of applications will be similar to that of the crop but
variability of applications at this scale will only be achievable at a very greatly increased
sensing density.

3.4 Management Zones

An alternative to fully spatially varied applications is the use of management zones. This
is common place in precision agriculture wheraanagement zone is a stdgion of the

field that expresses a relatively horeagous combination of yield limiting factors for
which a single rate of a specific crop input is appropriate (Doerge, 198§)recision
agriculture nanaging fields as zonas though toimprove the efficiency in applying
inputs (Moore & Wolcott, 2000).

Either historical majpased or redime sensor input based approaches may be used to
delineate management zones. Field zoning for-spiéific agriculture has been
successfully achieved by frequency analysis of ryaér yield data (Dikeet al, 2004).
Morphological and filtering tools can also be used in the delineation of management
zones (Zhang & Taylor, 2000). Similarly, Fridgehal. (2004) used a management zone
analyst (MZA) software package (USDA, 200@)ong term yield data were alsoatsby
Boydel |l and Mc Br at n e modifle@ fufzyk )ymeanél neethayl of wi t h
classification to define management zones in irrigated cotton.
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The hypotheses underlying the usespétially varied applications amdanagement zones

in precision irrigatbn arethat:

1 there is a significant variability in crop production responses within existing
irrigation management units (fields), a substantial and manageable part of which is
related to watessupply and its management (for example, application unifgrmit
and/or agronomic water use efficiency) and not other constraints

1 the variance in crop response to water within irrigation management units limits the
productive capacity and profitability of the management pnits

1 the optimal size of the irrigation magement unit will be a function of the irrigation

application system characteristics, environmental factors (soil, topography,

microclimate) and

the crop response (for example, genetic) varigrases

optimising the spatial scale and temporal intervialirogation management will

increase cropbiological responses (yield/quality) to water application and reduce

losses of inputs (such as, water and nutrients).

E

Doerge (1996) proposed a three step process for farmers wishing to move from a uniform
rate b variable rate input strategy, focussing on the development of variable rate
application maps for precision farming systems. The steps propekéeth are equally
applicable tgrecisionirrigation, are:

i 1 Start Simple. Use the spatial informatioattis the most readily available represents
the best balance between cost and relationship to crop yield. In general, the best
guality information is quantitative, densely or continuously sampled, and represents
site characteristics that are stable owraete.g. soil survey maps.

2. Finetune management zones. Over time, add information that further describes the
patterns of yield variation within a field. This includes dynamic or qualitative spatial
layers such as multiplgear yield maps, higintensity soil survey maps, targeted soll
sampling results, and landscape relationships, or ideallstine@alinformation e.g.
crop canopy reflectance or temperature, soil moisture information.

3. Evaluate the effectiveness of management units. Evaluateftlctiveness of the
management zone strategies, preferably over multiple seasons. It is crucial to
maintain a sound agronomic perspective when evaluating the performance of
different management zone strategies. Critically look for primary Yirsliti ng
factors and for possible confounding effects. Be paiiemmember that no single
strategy will be perfect every year.

Much of the early work using centre pivot machines to apply spatially varied applications
(reviewed in Section 4)1in fact usel management zonda the form of maps based
largely on differences in soilBnd this remains an obvious approach (e.g. Oliwatiral.,

2003) Alternatively the management units might be based on characteristics of the
irrigation system, for example thedividual bay in bay irrigation is potentially a
management unit if managed differentially from neighbouring b&gs.tree horticulture,
Goodwin et al. (2008) based their management units on tree vigour as reflected in the
degree of canopy cover and comgiive use of water. This is described in greater detalil
in Case Study 1. McClymort al. (2009) took a similar approach in considering the
degree of overand undeiirrigation occurring over the area of a vine block. Their
Irrigation Management UnitBecision Tree Framework aims to increase productivity in
horticultural crops by better matching irrigation supply with the crop water requirement.
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The challengen determining management zornedo minimise the number of units and

at the same time immise the variability in irrigation depths and crop responses over
each areaOliveira et al. (2003) developed a procedui@ aid delineation of irrigation
management zones. Areas of the field are grouped into units which have the minimum
variability in water holding capacity. These units are then evaluated using an economic
response model which determines the optimum number and grouping of Unes.
procedure watestedfor tomato production.

Feinerman and Voet (2000) evaluated the effect of impeiiéormation on the benefits

from irrigation management units applied to sweetn production. They concluded

utilisation of site specific farming does not guarantee water saving. SimMlgHhglan

and McBratney (2000) explaad that spatial variabity must be correctly characterised

for effective sites peci fi ¢ management . I'f this is no
of precision agriculture appliesei uniform application is more appropriate than variable

rate application.

Case Study 1: Irrigation management units in orchards

Water use in orchards is shown to be lineally related to tree size. Hence variation in tree
size over an irrigation block will result in overigation of the smaller trees and under
irrigation of the larger trees. This castidy from DPI, Tatura, shows that dividing a
block into smaller irrigation management units according to tree size will result in water
savings and increased yield.

Extracted with permission from: |l an Goodwi
Optimising irrigation management units in a nectarine orchard. Australian Fruitgrower,
2(11): 2830.

The horticulture industries face serious challenges to improve water use
efficiency. Recent low irrigation allocations and competition for water resouncesan
demand and environmental flows) have resulted in significant increases in the cost of
water. Community pressure to reduce environmental risk of nutrient, water and salt
losses combined with the cost of water means that orchards cannot afford terbe o
irrigated.

Nowadays the majority of orchards are migragyated. Efficiency has improved
dramatically compared with flood or sprinkler irrigation because similar amounts of water
are applied to each tree with minimal roroductive water use such ssil evaporation
and cover crop water use. lIrrigation is directed to the treezowt when the trees need
it. Such efficiency gains, however, can easily be lost if tree water use varies across an
orchard block.

Previous studies have shown that tre 3s linearly related to tree water use.
Variation in tree size in an irrigation block will hence lead to exggation of the
smaller trees and/or underigation of the larger trees. Yield is compromised by under
irrigation. For example, if a gup of trees are small compared with the rest of the trees in
a block, then irrigating the block to average water requirements will lead te over
irrigation of the small trees (resulting in substantial losses of water and nutrients below
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the rootzone) and noderirrigation of the larger trees (resulting in yield below tree
capability).

Irrigating each tree to match ETobviously resulted in maximum efficiency. Such
management is currently not feasible. In contrast, dividing the block into 2based
irrigation management units is feasible and resulted in substantial improvements in water
use efficiency. A water saving of 1.7 ML/ha and a reduction in drainage from 4.9 to 3.2
ML/ha was estimated for this orchard assuming irrigation was applied to maximum
canopy cover to avoid a yield penalty.

This type of analysis can be easily undertaken for any orchard and highlights the
opportunity to improve water use efficiency by dividing existing irrigation blocks into
smaller management units. Management unitk similar irrigation requirements can
then be grouped and irrigated identically.
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Aerlal photograph of the comerC|aI nectarlne orchard used in this study and the
corresponding red pixel image (green and blue bands removed).

: 08
o o
<] ° g E
o o g
os | ° 8 ° 8 o 8
o 8 o ° o gg
[ o o
3 80 o gg og 88
© g B o e 8 3
2 § o ° @g o 2o ] ©
§o.6-geo8§gg§a°ogo 4 o 8
8 8 g Eeas 8 s 8 8
o 8 58°8 5 o 8 8
ol g o o ©° g ooo B
= 8 o B o o
TO4T cibcl ° g
g ° g : 8 8 ° o
3 o BE LIPS ° B
T S ° o o
o o 2 g o
0.2 r o b o o °
o
o o
0
0 5 10 15 20 25

Tree row

Spatial variation of tree-scale canopy cover showing the distribution of canopy cover
within and between tree rows (n = 24).
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4 REVIEW OF PRECISION IRRIGATION RESEARCH

4.1 Current Research: International

Research efforts into precision irrigation reanitiated in theUSA intheear | 'y 199006
Initially this work largely centred on the modification of centre pivot and lateral move
irrigation machines to give spatially varied dpations of water and nitrogdftvanset

al., 1996; Kinget al.,1996; S&dleret al.,1996; Dukeet al.,1997; Heermanet al.,1997;

Sadleret al.,1997; Camp and Sadler994,1998; Campet al.,1998; and King and Wall,

1998 Sadleret al.,2000, with the system control based on stored databases of spatially
referenced data A range of methods for implementing valve control to achieve the
desired application rate have been trialled including programmable logic controllers and
addressable solenoid valves. The variable rate water application systems employed
include multiplesprinklers or groups of sprinklers for tirpeoportional pulsing, and a
variableaperture sprinkler with timproportional contro(Kincaid and Buchleiter, 2004

King and Kincaid, 2004 Readers are referred to Casetpal. (2006) for a comprehensive

reiew of research undertaken in the USA sin
with moving irrigation systems. Interest by European researchers grew through the
20006s and the emphasis shifted to the pt
irrigations. Examples of this work includél-Karadshehet al. (2002; Campet al,

(2006; Chevazet al (2006); King et al.(2006); andSadleret al (2005).

Recent work (Peter& Evett, 2004, 2007, 2008 O'Shaughnessyt al, 2008) has
expanded to includené use of infrared thermometers mounted on centre pivots to map
soil and canopy temperatures to develop protocols for real time automatic irrigation
scheduling and control. Other recent watkWashington State University (Carapal,

2006) has focused o the development and testing of digital control systems using on
board computer to implement radio based transmitted instructions and the installation of
both sprays and LEPA (loenergy precision application) on the same machine for plot
research in Momna.

Additional work has also been undertaken in Europé&Karadshehet al., 2002)
examining the yield response to roniform water applications under moving irrigation
systems, and in New Zealand (Yulst al, 2008 Hedley and Yule, 2009a8b
investigaing the water savings and economic benefits of precision irrigation using centre
pivots.

Clearly the ease and consistency with which the location of moving irrigation machines
can be determined, the large number of nozzles and the presence of compubér con
offer a ready means of differential irrigation. Features common to many of these studies
include:
1 emphasis on the design and control of the machine to give spatially varied
applications;
1  variation achieved by multiple nozzles of different size dl@d by solenoid
valves and covering the same area as covered by a single nozzle on a conventional
machine;
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1  the use of GPS to control irrigation applications according talgrermined maps
based on soil type differences; and
q differential irrigation 6 areas ranging from 40 to 10*m

The justification for tle earlywork was given by Sadlest al. (1997) as differences in
yield observed on relatively light soils with poor water holding capacity and in the case of
Evanset al. (1996) to also minimis¢he loss of nutrients through leaching following
heavy rainfall. Only limited studies have been undertaken exploring the benefits of
precision irrigation, notably studies have investigated the benefits in cBttokdret al,

2006; Bronsoret al, 2006 Clouse, 2006), pota#s (Kinget al, 2006) and soybeans (Paz

et al, 2001) and to date théyaveprovided no significant evidence that investment in a
precision irrigation system can provide sound financial returns to irrigateugther, t

has not ben established that spatially variable irrigation wiicessarilyresult in water
savings, increased efficiency in fertiliser usage or improvements in yield. Much of the
work in precision irrigation has been done so far because dcistemedpotential br
benefits that have not as yet been demonstrad@dinteresting use of a system designed
for spatially varied applications was provided by Chaseal. (2010). In this case the
spatially variable capacity was used to compensate forundarmity inherent in the
irrigation applications from the machiaed so give greater uniformity.

Research to date has resulted in the development of prototype systems for variable rate
application. Appropriate decision support systems, particularly decision sy#tams

could incorporate the output from regahe monitoring technologies have not been
developed and as such, none of the above research groups have attempted to vary water
applications in specific response to a measured crop water defdande these syems

do not yet meet the requirements of a precision irrigation system as defined in this report.
Evanset al. (1996) acknowledged that the greatest difficulty faced in the implementation

of precision irrigation is associated with determining approppagscriptions for the
application of water and nutrients. Central to this will be the use ctinealonthe-go

Sensors.

There is no doubt that centre pivot, lateral move and low energy precision application
(LEPA) machines can be modified to apply tigdly variable irrigation. The common
strategy employed by most irrigation researchers has been to vary the application rate and
hence, depth applied in response to identified crop needs. This applies irrespective of
whether it is in response to reain sensed crop needs or to some predetermined plan.
However, as noted above, the factors most likely to delay significant commercial
application of these systems are the need to develop the technology required to sense the
water (and nutrient) requiremendf the crop at an appropriate spatial scale and the need

to develop decision support systems to identify appropriate management actions. No
significantinternationakesearch undertaken to address these lgapbeen located

4.2 Current Research: Australia

A diverse range of precision irrigation research projects are underway in Australia. Key
groups involved in precision irrigation include the National Centre for Engineering in
Agriculture at the University of Southern Queenslathé,University of Melloburne and
CSIRO.
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Some of this researctvas co-ordinated through the CRC for Irrigation Futures with

research effort directly addressing:

1 Improved promotion of existing precision irrigation measurement technologies,
including spatial evaptranspiration Et) measurement systems that measure soill
and plant evaporation from paddock to region and incorporate inteavalable
decision aids for irrigators and water managers.

1 Improved soil water and water flow monitoring technology including solute
signature aalysis and soil water in the root zone to monitor and interpret salt and
nitrogen distributions for precision irrigation decision making.

1 Development and testing of improved irrigation application systems including
adaptive irrigation control systems prding methods of real time monitoring of
plant water status with direct control of water application at sub paddock level.

Work is being undertaken by the National Centre for Engineering in Agriculture (NCEA)

at USQ toward the development of adaptiventoml systems for two very different

irrigation application systems. A current project proposes an automated furrow irrigation
system with intelligent real time control that uses data collected during the irrigation

being managed to control that irrigati@and can adapt to the current soil conditions

(Koech, 2009) In parallel, the NCEA is investigating the use of adaptive control systems

to improve the sitspecific irrigation of cotton via lateral move and centre pivot irrigation
machines.A simulationf r amewor k O VARI wi s &0McGastlsetdle en de
(2010) to aid the development, evaluation and management of spatially and temporally
varied sitespecific irrigation control strategies.

The NCEA also has a broad program of work focusing onirsgriechnologies for
precision irrigation. PlaAbased sensors to improve irrigation management are being
developed and a prototype vision sensor system has been developed, tested and patented
for cottonby McCarthyet al. (2006a&b,2007) Furthermore, tm diameter sensors have

been evaluated in cotton (under a range of irrigation strategies and bollgard varieties) to
compare plant stress predictions against soil moisture deficit and other measures of plant
water status.A number of field tria$ (in coton and vegetables) have bemmnductedo

identify the spatial variability of crop response to irrigation applicafldnssain, 2@0;

Padhi, 200). Both low cost satellite imagery and camera based sensors are being used to
guantify crop size and vigound relate this to irrigation strategy.

UniWater, a joint initiative of the University of Melbourne and Monash University, is
undertaking research to demonstrate wireless sensing control of various irrigation
strategies in both viticulture and horticultunelustries This research funded through the
STI, Victoria Government funding scheme and brings together the skills of control
software scientists and engineers, with the agricultural scientists. The specific objective
of the smarter irrigation projeds to develop and evaluate the performance of fully
automated, irrigation systems based on wireless sensing and actuation platforms in a
range of agricultural enterprises including dairy pasture, horticulture and viticuTthee.

STI funded Smarter Irrigeon Project successfully achieved proof of concept for smarter
irrigation by successfully deploying leading edge wireless sensor and actuation
technology enabling application of re@ahe closedoop control to automate irrigation
(Uniwater, 2008).

Additional work being undertaken by the University of Melboufhend and Food
Resources, 2008includes collaborabn with the Department of Primary Industries,
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Primary Industries Research Victoria investigating open hydroponics and real time ET
irrigation sckeduling on peaches and using thermography to assess the spatial and
temporal patterns of water stress across grapevines canopies and whole vineyard blocks.

CSIRO (Hornbuckle et al, 2008, 200%) have been involved in the development of

irrigation design ad scheduling tools incorporating ground based and remote sensing
methodologies and the use of informatics for irrigation decision support systems.
Specific projects have developed techniques for providing low cost irrigation scheduling
information over &rge areas using satellite and mobile phone SMS technology. Remote
sensed indices (NDVI, RVI etc) from ground, airborne and satellite platforms have been
used for determining crop coefficients and site specific irrigation water requirements.

4.3 Demonstrated Benefits

Precision irrigation has the potential to inceeti®e economic efficiencies by optimally
matching irrigation inputs to yields in each area of a field thodreducing costs. The
potential economic benefit of precision irrigation lies idueng the cost of inputs or
increasing yield for the same inputs.

The notion of spatially varied irrigation is predicated on the hypothesis that the crop is
nortuniform and the water requirements are similarly-naifiorm, probably as a result of
differences in root zone conditions. It is also assumed that yield will be maximised if
each plant is supplied with water exactly matching its individual requirements. However,
evidence to support these hypotheses is not readily found in the literature.

The crop response to water has been studied extensively leading to the development of
crop production functions for most crops. Also reasonable well known is the spatial
variation in crop performance largely as a result of unintended spatial variatiores in th
depths of irrigation applied (e.g. Mantovatial, 1995; Mateo®t al, 1997; Marques de

Silva, 2006). Less well studied is the variation in crop response to water across a field,
that is, variation in the crop production function across the fieldl¢Bet al, 2002). It is

the presence of this variation that provides the justification for spatially varied irrigation.

4.3.1Water Savings

The primarygoal of precision irrigation is to apply an optimum amount of irrigation
throughout fields This reviewdoes not see site specific or variable rate irrigatisra
necessary or essential component of precision irrigation. However, it is a possible or
even desirable component. idtalsoseen by many as the most likely meahschieving
significant water avings (e.g. Kinkaid and Buchleiter, 2004; Evans and Sadler, 2008)
While conditions could exist for which treggregatedptimum inputfor the entire field

is greater than the amount usually applied in a conventional undpptication to the
field, mog researchergxpect a reduction iwateruse on at least parts of fields, if not a
reduction in the value aggregated over entire fields. Satlkr (200%) have identified
that this has only recently been achieved for precision irrigation and thgmoalfew
instances.
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Sadleret al (200%) reviewed much of the work prior to that date amgjgested that
opportunities for water savings accrue by not irrigating-crampped areas, by reducing
irrigation applications to adapt to specific problems, agdoptimising the economic
value of water applied through irrigation. Results from case studiesir@ble rate
irrigation reviewed showed water savings in individual years ranging from zero to 50%,
and savings averaged over a number of years from 8%g @epending on the previous
irrigation management. They concluded tetable raterrigation could save 10 to 15%

of water used in conventional irrigation practice.

While there are no Australian studies pointing to the potential water savings from
precision irrigation,in New ZealandYule et al. (2008) andHedley andYule (2009b)
suggested water savings of around 25% are possible through improvements in application
efficiency obtained by spatially varied irrigation applications adjusted to suivéialae

water holding capacity of the soils.

4.3.2Yield and Profit

Studiesspecificallyevaluating the yield and profit potential of precision or variable rate
irrigation have involved both modelling and field experimental approaches.

Notable among the @erimental studies is Kingt al. (2006) who measured the yield of
potatoes under a centre pivot equipped for spatially varied applications. Yields per unit of
water applied were greater (4 and 6%) in two consecutive years over those for uniform
irrigation management. However the increase in income was only half the annual cost of
a commercial site specific irrigation system.

For cotton (an indeterminate croghe yield benefits ofariable rate irrigatiorare yet to

be demonstrated Bookeret al. (200§ analysedyields and water use efficiency for
spatially varied irrigation over four years. They concluded that cotton seems too
unpredictable to manage with spatially varied irrigation. This result is supported by the
work of Bronsonet al. (2006) who oncluded that management zones for upland cotton
based on landscape position were not justified, and by Clouse (2006) who in a modelling
study obtained conflicting results between variable rate and uniform irrigation of cotton
depending on the schedulinyagegy employed.

Crop modelling has been shown to be an important and effective means of determining
the value(yield and profitability)of variable rate strategies in precision farming (e.g. Paz
et al, 2001: Sadleet al.2005a). The same is theasefor spatially varied irrigation

Nijbroek et al. (2003) investigated the economics of irrigation management zones for
soybeans in the souttastern USA. The model CROPGHOybean was used to
determine optimal irrigation strategies for each zonethadesults compared to various
uniform strategies applied to the whole field. Varying the irrigation strategies for the
individual zones gave the highest retaithough the differences were small at US$16/ha
between the best and worst management.

DeJome and Kaleita (2006nd DeJonget al. (2007)used the model CERE8aizeto
explore the feasibility of irrigation of corn in lowa, USA. In doing so they also
investigated the benefits of spatially varied irrigation. Irrigation was shown to reduce
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both the spatial and temporal variability in yield and spatially varied irrigation gave
higher yields than uniform irrigation. However irrigation only gave an economic return
in three of 28 years.

The results from the above studg®ow that there is potenitifor yield improvements but

that the benefits may not cover the costs of the technology required for spatially varied
applications(Lu et al, 2005) Heermannet al. (2002) similarly concluded that site
specific irrigation management increased risk amat the potential economic benefit
from it i s small wforeiskis o Almésatali(2®03)saggestedl e r a n
that caution is required and that the benefit of changing to variable rate irrigation (VRI)
from uniform application methods m#eto be assessed before adoption. Their results
indicate that substantial field variability and high crop prices are requiredRbto be
profitable. It also depends heavily on tngeful life of the equipmentThis latter point

was reinforced by Y@ et al. (2008) who showed payback periods ranging from 5 to 20
years for adoption of VRI in dairy and cropping in New Zealand.

To date, there is a lack of significant evidence that investment in a precision irrigation
system can provide sound finanaieturns to irrigatorslt remains to be seen whether the
costs can be reduced significantly or whether a simpler form of precision irrigation is
needed that does not involve spatially varied applications.

Mﬂk 1003017 Review of Precision Irrigation Technologies and tiAgiplication 19



5 IRRIGATION APPLICATION METHODS: TOOLS &
TECHNOLOGIES

5.1 Surface Irrigation

5.1.1 Introduction

In the various forms of surface irrigation the furrows, bays or basins serve both as a
means of conveying water across the field and as a surface through which infiltration
occurs. The soil infiltration characterissivary across the field and also from time to time
(Walker, 1989; McClymont and Smith, 1996; Emiébal, 1997; Gillies, 2008). Khatri

and Smith (2006) and Gillies (280 identified this variability as a major physical
constraint in achieving higherrigation performance in furrowvrigated fields. Precision
irrigation systems have the potential to address the both the spatial and temporal variation
in soil infiltration in these systems.

In surface irrigation, infiltration variability causes noniformity in water absorption
rates and furrow stream advance rates (Trout, 19%)row irrigation efficiency is
further compounded by the furrese-furrow inflow variability in both gated pipes and
siphon tubes (Trout and Mackey, 1988h a typical fiel under furrow irrigation, it is
difficult to identify one furrow that is accurately representative of the entire field.
Therefore field evaluation of infiltration characteristics based on measurements from a
single furrow is unlikely to give an accurat&gimation of irrigation performancégngat

et al, 2008; Gillies, 2008 & Schwankt al,, 2000).

The management strategies and technologies required to implement precision irrigation
systems in surface irrigation systems are available to achieve ietprgpatial and
temporal management and are outlined below.

5.1.2 Simulation

Surface irrigation simulation models are developed to the point where they have the
ability to simulate the depth of water applied over the field more precisely than is possible
for sprinkler systems. Depths can be calculated at fine spacing along the length of the
furrow or bay. Across the field the scale is determined by the width of the irrigation unit
(furrow or bay). In either case the prediction scale is finer than theoteodle.

In Australia, SIRMOD developed by Utah State University has been widely accepted as
the standard for the evaluation and optimisation of furrow irrigation (GiRi@88). This

is a comprehensive simulation software package for simulating sunfagation
hydraulics. The software is based on the solution of the full hydrodynamic equations and
its accuracy is limited only by the accuracy of the input parameters, in particular the soll
infiltration parameters and the resistance provided by tHacguroughness (the Manning

n). SIRMOD takes into account an average infiltration characteristic for the entire furrow

Mﬂk 1003017 Review of Precision Irrigation Technologies and tiAgiplication 20



or bay, and this may lead to infiltration being underd over in many parts of the field
(Emilio et al, 1997)due to small scale variations imetinfiltration characteristic.

SIRMOD typically uses current irrigation data to modify and optimise the management of
future irrigation events. In this role the optimisation is a manual trial and error process.

Other similar models that are also répdivailable are WinSRFRB@autistaet al, 2009
and AIM (Austin and Prendergast, 1997). Both of these models employ approximations
to the hydrodynamic equations and their accuracy may be limited in some situations.

Improvement of furrow irrigation perfmance through the process of evaluation,
simulation and optimisation with the IRRIMATE suite of tools developed by NCEA is
now an accepted practice in the cotton industiyowever, IRRIMATE™ and other
similar tools are only useful for the modificatiofh future irrigation events which in any
case could be occurring under different soil conditions.

Significant limitations of the current simulation models are: (i) the need to use other
modelling tools to determine the controlling soil parameters, famgie, the use of
IPARM (Gillies and Smith, 2005: Gilliest al, 2007) to determine the infiltration from
measurements of the irrigation advance, and (ii) the manual optimisation procedure. The
Surface Irrigation Simulation Calibration and Optimisati®SCO) model currently
under development at USQ, and used recently in an evaluation of bay irrigation in the
GMID (Smithet al, 2009) removes these limitations. It is based on the simulation engine
of McClymontet al. (1999) involves solution of the fulydrodynamic equations. As

with SIRMOD it simulates the surface irrigation advance and recession and provides an
estimate of the irrigation performance. However it also performs the inverse solution for
the infiltration parameters from measured irrigatiadvance, runoff, recession, and/or
depth data; and optimises the irrigation against a user defined objective function that will
involve some combination of the usual performance measures. These late capabilities
make it suitable for inclusion in a refine control system for surface irrigation.

5.1.3 Automation and Control of Surface Irrigation

Automation and adaptive reiine controlhas been proposed for the management of
temporal variability of infiltration characteristics (for example Emiko al, 1997;
Mailhol & Gonzalez 1993; Khatri & Smith2006; Turral 1996). Itcan provide an even
higher level of irrigation performance than the traditional evaluation (as demonstrated by
Raineet al, 1997, Smithet al, 2005, and Khatri & Smith, 2007) alongtlwv substantial
labour savings.

Control systems used in surface irrigation can be implemented at diverse levels of
sophistication and can be manual or automatic. Automation is not essential to the
implementation of precision irrigation however it dgea®vide the convenience and
reduced labour requirements.

The use of irrigation evaluations to modify future irrigations is essentially an example of
temporally separate feedback control. Reak control as applied to surface irrigation
implies that mesurements taken during an irrigation event are processed and used for the
modification and optimisation of the same irrigation event. Thetiraal control system

Mﬂk 1003017 Review of Precision Irrigation Technologies and tiAgiplication 21



monitors the advance of water along the furrow or bay, determines the soil infiltration
chamcteristics through a simulation process and modifies the management variables (flow
rate and time to cuaff) accordingly before the end of that particular irrigation event. |If
the management variables are continually and automatically varied it imaat@ptive
control.

Adaptive or reatime control of furrow irrigation leads to better irrigation efficiencies and
water savings because ofti mbé weséei mdt edscuo
infiltration characteristic.

Automated feedback contreystems have been attempted for various configurations of
surface irrigation (e.g. Clemmens, 1992; Hilebsal, 1992). In these cases the response
being sensed was the water advance down the field, where the sensing was by contact
(Humpherys and Fishet995) or norcontact (Larnet al, 2007) means.

Automation and control development in surface irrigation has to a large extent been
biased towards border and basin irrigation systems. Humpherys (1969) observed that
border and basin irrigation systerme generally better suited to automation and control
than furrow irrigation because the inflow into the bay is more easily controlled.

Humpherys (1995a; 1995b; 1995c) has researched extensively ommigemation of
borders and basins by use of gateg. ddveloped and tested both single function and dual
function gates. The control of these devices was achieved by either a mechanical timer or
electric solenoid. However, both types of gates require resetting prior to the next
irrigation event. Niblackand Sanchez (2008) designed an automated basin irrigation
using commercially available products. The flow of water into the border was controlled
by jack gates powered by a battery and solar panel. The system applied bdibdetde

and volumebased combl methodology. The cutff distance portion of the system used
commercial radio transmitters placed along the border to transmit a signal to the gate to
close and for the next gate to open. These transmitters were triggered by the advancing
front of water. However, the major drawback of the use of water sensors is that they have
to be removed before machinery is used on the basin.

AWMA Pty Ltd., a company based in Austral
which combines the technology of radio takgry, solar power and personal computers to
automate and remotely control border and basin outlets. The Aquator software is
installed in a personal computer stationethim farmoffice (base station). The operation
commands from the base station anmt seit to the outlets to be controlled through a base
transmitter connected to the computer and aerial installed on the roof. The outlets to be
controlled have radio receivers, control electronics and aerials, and are mosty solar
powered (se€ase Study R

Furrow irrigation has seen very little mechanisation and automatic control compared with
other surface irrigation techniques. Some previous attempts at furrow irrigation
automation and control include surge flow irrigatisystems (Walker, 1989; Mostafadeh
Fard, 2006), and conventional continuous flow (Hibbal, 1992Lam et al, 2007)

Two commercially available surge flow irrigation systems are described by Walker
(1989). The oO0dual | i nigatdrs why alreaglyrhave gatedhmpe | v u
system in place, uses an automated surge flow valve to switch the flow between the two
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sides of the pipe system. I n the O6single
with a valve. These valves are gredpinto a suitable number and controlled from a
central location to achieve a surge flow pattern. Mostaf&@det (2006) designed an
automatic surge flow irrigation system using wireless, cheap programmable surge valves
installed in a gated pipe and uselas-powered batteries. The control mechanism
consisted of an electronic board, motor and gear, and solar battery. Notwithstanding the
merits of the surge system (overall, a smaller volume of water is required to complete the
advance phase by surge flalan with continuous flow (Walker, 1989)), the method is
generally seen as complex and the cost of implementation may be too high. The use of
rigid gated pipes in surge flow systems is also unlikely to appeal to many irrigators
because of transportatioiffatulties.

Hibbset al (1992) developed furrow irrigationautomation system utilising amaptive
control algorithm in which water is delivered to a block of furrows and the outflow is
monitored using a flume and a depth sensor installed at the tleamsend of the
furrow. The infiltration characteristics are analysed by a microcomputer and the inflow is
adjusted accordingly by using an automatic valv€he inflow system employs an
adjustable pressure regulator and a diaphragm valve to supplyiftmalrate among a
block of furrows. However, outflow is only monitored from selected representative
furrows. While it might be infeasible to monitor outflow from each furrow, errors will
inevitably be introduced into the system because of spatiabi#y of the infiltration
characteristics across the field. Application efficiencies were found to be higher than
those of conventional systems (Hibtsal 1992). However, the system is based on the
outflow hydrograph, and it is not always practitalobtain accurate measurements of
outflow using a flume.

A groundbased remotsensing feedback control system was developed by ¢taai
(2007), as an alternative to contégpe sensors, to monitor the advancevater down a
furrow, and allow automtic control of the water discharge at the furrow inlet during
furrow irrigation of Californian row crops. A camera, located at the field boundary,
captured images of water flowing down a furrow duringreigation event. The images
were analged by a machine vision system to calculate the actual position of the leading
edgeof water. The feasibility of determining the position of the leading edge of water for
row crop fields before and after cr@mergence has been demonstrated for relatively
short furows. A similar system (McCarthy, 2004) was tested on the very much longer
furrows on the Darling Downs, Qld and was unable to measure the position of the
advance front with sufficient accuracy. Slight errors in the grading of the furrows were
magnifiedsubstantially by the low camera height.

All of these cases can be considered a form of adaptive control thieeresponse being
sensed is # water advance down the field and théputis the depth of water applied
(rather than crop yield) and the uspalformance measures of efficiency and uniformity
The objective igypically a uniform application over the entire fieldSystems such as
these account for the temporal variation in soil moisture deficits and soil hydraulic
properties. Varying the maagement to accommodate spatial variations in the soil
infiltration characteristic is usually not considered.
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Case Study 2: Automation of surface irrigation

Improving the performance (application efficiency and uniformity) of surface irrigation
typically involvesthe application of higher flow rates and shorter irrigatiortiomes.
Automation, while not an essential component of precision irrigation, provides the means

to deliver this improved performance without increasing the labour required to shepherd
the sysem. The Aquator system supplied by AWMA is an example of a commercially
available system that has been widely applied in bay irrigation in southern Australia.

|l rrigation control for individual bays 1is
farmer can adjust the times for the remaining bays based on the observed time to
completion of the first bays irrigated.

Extracted with permission from the AWMA Aquator sales literature.
The following example is a lucerne farm near Kerang in NortherroNact

The layout under automation is 400 acres and consists of:
controlled and monitored Dethridge wheels

1 electric reuse pump

channel stops/checks

89 bay outlets

11 channel level alarms

33 nodes in total

Personal computer running the Aquator prograth@home office

= =42 -4 _-5_95_9_-2

A 'node’ consists of a raised enclosure containing a radio transceiver, battery, solar panel
and relay cards. Usually there is one node per outlet, but in certain cases where outlets
are located right next to each other, one node carsde to control up to three structures.

In all cases each outlet is controlled totally independent of any other structure. Structures
are opened and closed using 12 volt linear actuators. These units are totally maintenance
free, very efficient and sing. Any type of outlet can be modified for automation
including: slides, rubber flaps, pipe ends, eventre locking, gravity flaps, pipe & risers

and Dethridge wheelsAquator also controls and monitore-use pumps.

All channels are protected by kvalarms (high and low) located at crucial points
(upstream of checks and end of channels). This provides an alarm should something
occur to disrupt flow. The wheels are monitored for water flow and show both actual and
total flow on the computer screenThe Adaptive Flow feature of Aquator allows
allocated times of bays to automatically extend if the wheel slows down, effectively
watering via volume rather than time.

Aquator monitors flows, channel level, communication and other functions. Theale are
connected to a dialler that will call up to six different telephone numbers and provide a
voice message should a fault occur. Aquator has proven to be very reliable, easy to use
and is saving many farmers a lot of time and water.
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Automated Dethridgter wheel

5.1.4 Current Work

A recent project undertaken by UniWater, a joint initiative of University of Melbourne

and Monash University, involved the development of four falljomated measure and

control irrigation systems that were integrated into wireless networks at two commercial
dairies at Dookie and Kyabram (Uniwater, 2008). At the Dookie diary a fully automated
Omeasure and controldé irrigated pasture b
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pasture baywhl st at Kyabram a fully automated
compared with an existing tirfeased automatically irrigated bay. Results suggest that
automated irrigation in response to soil moisture can significantly reduce irrigation
volume, runoff and deep drainage losses while maintaining similar dry matter yields
compared to irrigation at regular intervals. Furthermore, combined outcomes from field
investigations and simulation mdtieg indicate that the automation of boradreck
irrigation using closed loop control systems can increase water productivity by upwards
of 25% annually compared to manual operations.

In this trial case the simulation and optimisation used the analytic solution of the
kinematic equations provided by Austin aRtendergast (2007). The limitation of this
work is determined by the limitations of the simulation model which is applicable only to
cracking clay soils and is less accurate than simulation models based on solution of the
full hydrodynamic equations.

Recent research at NCEANlatri, 2007;Khatri & Smith, 2006; 2007has established the
basis for the practical real time control of furrow irrigation. It is similar in conception to
the University of Melbourne system but very different in its executiongu$ia NCEA
developed simulation tools and commercially available control hardware.

The proposed system involves:

1. automatic commencement of the furrow inflow and measurement of that inflow,
2. measurement of the advance down the furrows mid way throughragakion,

3. real time estimation of the soil infiltration characteristic and moisture deficit,
4

real time simulation and optimisation of the irrigation for selection of the time {0 cut
off that will give maximum performance for that irrigation, and

5. automaic cut off of the inflow at the designated time.

All of this is done without user intervention. The system proposed has been kept simple,
by using a fixed inflow and varying only coff time, to encourage implementation of the
system. The system will bld tested over the coming irrigation seasons

Decision support software is an essential part of the system and includes the following:

1 continuous inflow measurement through inference from pressure measurements of
pressure in the supply system (foraexle, for gated pipe supply using the program
Gpipe of Smithet al.(1986) and Smith (1990)),

1 precharacterisation of the field by determining a generic soil infiltration characteristic
from detailed measurements of single irrigation events using trgFgonolPARM
(Gillies & Smith (2005) and Gilliest al, (2007)),

1 reaktime prediction of the current infiltration parameters from a single observation of
the irrigation advance during the irrigation event being controlled , as proposed by
Khatri & Smith (2@6) and described in Case Stigjyand

1 simulation of the irrigation and optimisation to determine the preferred time to cut off
the inflow to the field using an appropriate solution of the full hydrodynamic
equations such as Sisco (Smathal, 2009) andaking into account the current soil
moisture deficit or in the case of furrow irrigation the IrriPROB model (Gibieal,

Mﬂk 1003017 Review of Precision Irrigation Technologies and tiAgiplication 26

6m



2008) which also accounts for the variation in the infiltration characteristic across the
set of furrows (Case Stud).

In both of theabovesystems the focus is on the control of the individual irrigation event.
While this is an important aspect of a precision irrigation system it is not sufficient. Both
lack the overarching crop modelling and adaptive control that will defliveximum
seasonal water use efficiency. This aspect will be discussed in greater detail ins®ection
and 7

Case Study 3: Optimum management of furrow irrigated fields 1 The
Irriprob model

Understanding and accommodating spatial and temporal variability is emtiak&eature

of precision irrigation. The Irriprob model is a decision support tool for managing
variability in furrow irrigation. It allows selection of the management variables (flow rate
and time to cubff) that give the best overall irrigation p@mance for a furrow irrigated
field or set of furrows, taking in to account the spatial and temporal variability of the
furrow infiltration characteristics.

Reference: Gillies, MH., Smith, RJ. and Raine, &. (2008) Measurement and
management ofufrow irrigation at the field scale. Irrigation Australia 2008lational
Conference and Exhibition, 222 May, Melbourne.

Generally, the measurement, evaluation and optimisation of furrow irrigation is restricted
to a single furrow or small number ofjadent furrows. The measurement process is too
intensive to be applied at the full field scale. Consequently it is necessary to assume that
the infiltration characteristics and inflow rates of the measured furrow(s) represent the
remainder of the fieldMany have observed or speculated upon the significance of spatial
variability but few outline potential strategies to deal with the issue. Research conducted
by the authors and others at the NCEA has investigated and developed potential tools and
techniques to better evaluate surface irrigation accounting for spatial and temporal
variability.

The computer package IrriProb was developed to extend hydraulic modelling from the
single furrow to the whole field scale. The simulation within IrriProb appies
hydrodynamic equations to describe the flow of water along a single furrow. The model
runs multiple simultaneous simulations on each furrow in the field or set and combines
the results to create a tivdimensional grid of applied depths. It can thenused to
determine the flow rate and time to -@ff for maximum performance for the field or set.
IrriProb accommodates -ireld variability by allowing each furrow to have individual
infiltration characteristics, inflow rates and times and soil mastieficits.

A trial was conducted in a typical commercial cotton field to showcase the tools and
techniques to evaluate and optimise irrigation performance at the field scale. The
resulting data also provided an insight into the nature of spatial NdyiabComplete
inflow, advance and runoff measurements were used to accurately determine soill
infiltration rates for a small number of furrowSingle advance points were then used to
predict the infiltration characteristics across the remainder offithé (84 furrows).
Combined with the whole field simulation model IrriProb this data enabled evaluation of
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the true irrigation performance taking into account the dfueow variability in
infiltration and advance rates. The use of the optimisatianpooent of IrriProb

demonstrated the ability to identify the optimal field management to maximise irrigation
performance.

Flow
rate
(L/s)

600

Irrigation on time (min)

Example of the optimisation screen for IrriProb showing the interaction of the
performance parameters fo multiple furrows across a whole fieldi the green area
indicates the zone of optimum performance
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variation.
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Case Study 4: Real time control of furrow irrigation

This ongoing workis an initial step toward the realisation of surface irrigation as a
precision system. It will involve automation of the system and the advance measurement,
simulation, optimisation and control in re¢ahe. The automation provides substantial
labour saings and the control system the water savings. Thetireal aspect
accommodates the differences that occur in the solil infiltration characteristic and the soil
moisture deficit from one irrigatioaeventto the next.

Referencs:

Khatri, K.L. and Smith R.J. (2006) Redlme prediction of soil infiltration
characteristics for the management of furrow irrigation. Irrigation Science, 25(43.33
Khatri, KL and Smith, RJ (2007) Toward a simple +&ale control system for efficient
management of furm irrigation. Irrigation and Drainage, 56: 4835.

A simple realtime control system for furrow irrigation is proposed that: predicts the
infiltration characteristic of the soil in real time using data measured during an irrigation
event, simulates therigation, and determines the optimum time to-efit for that
irrigation. The basis of the system is a new method for estimating the soil infiltration
characteristic under furrow irrigation that uses a model infiltration curve, and a scaling
process tredict the infiltration characteristic for each furrow and each irrigation event.

The proposed redime control system involves:
1 measurement or estimation of the inflow to each furrow or group of furrows,
1 measurement of the advance at one point apmpabely mid way down the furrow,

1 estimation of the infiltration characteristic for the furrow or group of furrows using
the model curve and scaling technique,

9 simulation of the irrigation and optimization to determine the time to cut off the
inflow.

Data fom 44 furrow irrigation events from two different fields were used to evaluate the
proposedsystem Infiltration characteristics calculated using the proposed method were
compared to values calculated from the full advance data using the INFILT computer
model. The infiltration curves calculated by the proposed method were of similar shape
to the INFILT curves and gave similar values for the cumulative infiltration up to the
irrigation advance time for each furrowlore importantly the statistical propies of the

two sets of infiltration characteristics were similar.
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The SIRMOD model was used to simul#te irrigation performance for two fields, for a
range of irrigation strategies using both the scaled and the actual infiltration parameters.
One of the strategies included in the simulations was the proposetineatontrol
strategy. It is shown that:

1 the measured advance curves and measured irrigation performance were able to be
reproduced with sufficient accuracy using the scaled infiltration parameters, and

1 the simple reatime control strategy is feasible and has the potential to bring
significantimprovements in irrigation performance (application efficiency) over that
achieved under simple recipe management or current farmer management.
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5.2 Sprinkler Systems

5.2.1 Simulation Models

Prediction of how adjacent sprinklers overlap to give the patterappfications is
essential for the efficient design of sprinkler irrigation systems. In its simplest form it
involves the overlapping of known patterns such as in the package SpacePro (Cape, 1998)
for the purpose of selecting nozzle size and spacing fyiven application. Here the
objective is to maximise the uniformity of applied depths. It relies on knowledge of the
sprinkler patterns for the given nozzle, pressure and height above ground. Wind effects
are typically ignored and the answer is relayvinsensitive to uncertainties in the
individual sprinkler pattern used in the analysis (Christiansen, 1941).

Simulation of sprinkler distribution patterns provides the potential for powerful and
effective decision support models for sprinkler systdms will assist in the development

and application of optimum irrigation management strategies. Central to an accurate
simulation of sprinkler distribution patterns is the prediction of the impact of wind on the
pattern. In general, wind lengthens theirgger distribution pattern downwind, shortens

the distribution pattern upwind and narrows the distribution pattern normal to the wind
direction (Shull and Dylla, 1976). Greater overlap of adjacent sprinkler patterns is thus
required to obtain acceptahlaiformity.

Simulation of sprinkler irrigation distribution patterns in windy conditions has evolved
significantly over the past two decades. Two major approaches have been used, a
deterministic approach, which applies traditional ballistic theory toulzde the flight
trajectories of individual water droplets, and empirical methods, which involve
extrapolation from measured sprinkler distribution patterns for various wind speeds and
directions for the same nozzle, pressure and trajectory angle.

A recent example of the empirical approach is the TRAVGUN model of Satital.

(2008) which uses field measured transects of applied depths to firstly calculate the no
wind sprinkler pattern and secondly to determine the six factors used to adjust the pattern
for the effect of the wind. Output from the model is an estimate of the uniformity of
applications for any selected wetted sector angle, lane spacing, travel direction, and wind
speed and direction. The model does not predict depths applied at spaoifcip the

field.

The SIRIAS model (Carrioet al, 2001: Montercet al, 2001) reflects the latest thinking

in simulation using sprinkler droplet ballistics. To simulate the wind affected pattern for

a single sprinkler, SIRIAS requires a radial ledtgra for the given sprinkler, nozzle
height and pressure, measured in still air. The model uses an inverse solution to
determine the drop size distribution that would give that sprinkler pattern and then uses
that distribution in the prediction of the md affected pattern. It has been validated for a
wide range of nozzles and configurations (eg, Monttraal, 2001). The patterns
predicted by SIRIAS can then be used in packages such as SpacePro to determine the
overlap patterns for whole systems.
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For the large mobile centre pivot and lateral move systems, models that use droplet
ballistics to predict the uniformity of applications along the machine are a sensible
alternative to field trials using large numbers of catch cans. Examples of this type of
model are those of Smith (1989) and Thompsoral. (2000). Both used a similar
statistical description of the droplet size distribution and combined the ballistic model
with the overlap along the machine and the aggregation of the pattern in the travel
direction. An alternative approach was used in the mBOSS model (8teily 2003

Foley, 2010 which applied the overlap and aggregation to wind affected patterns
imported from SIRIAS.

In all of the above models, the purpose was estimation of the maftiyoof applications

and the selection of appropriate nozzles and nozzle spacing. None of the models are
sufficiently accurate to predict applications at particular points in an irrigated field and
hence are not suitable for use in a decision suppoemyftr precision irrigation. They

are limited by:

1. The accuracy of the ballistic models;

2. The sprinkler pattern or droplet size data required; and

3. The use of time averaged wind speeds and directions.

Ballistic models typically assume that the jet from tlozzle breaks up into the assumed
drop size distribution instantaneously or at some defined distance from the nozzle. In
either case drag coefficients are modified in a calibration process designed to make the
measured and predicted sprinkler patternscmat In an attempt to overcome this
deficiency, Groseet al (1998) used a thredimensional twephase plume, which
consisted of modelling the interaction of the jet with the surrounding air, simulating the
separation of the jet into individual dropletsdadetermining the ballistics of the
individual droplets after their separation from the plume. However this approach has not
gained any traction.

Unless the breakup of the stream can be predicted from the fundamental fluid mechanics
as attempted by Grost al, then any ballistic model requires a drop size distribution for
the particular nozzle type and size, and pressure to be used in the simulation. Obtaining
these data is both time consuming and expensive.

Finally, all current models use only timgesaged wind speeds and directions. This is
perfectly acceptable if the objective is an estimate of the uniformity of applications.
However if the objective is a truly deterministic model that can accurately predict the
depth of water applied at any pbin a field, then actual instantaneous wind speeds and
directions will be required.

5.2.2 Centre Pivot and Lateral Move Machines

The development of mobile sprinkler systems has provided more than convenient
irrigation methods. Of all the irrigation systentBgese machines offer the greatest
potential for uniform applications as well as being readily adaptable for adaptive control
of spatially varied applications. Significant progress has been made in hardware
development for the control of centre pivots dateral moves to deliver a precision
irrigation system, with much of this work conducted in USA. Recent research in
Australia (McCarthyet al, 2010) has addressed the need to develop appropriate decision
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making tools to significantly extend the potentidlcentre pivots and lateral moves to
provide optimal precision irrigation.

The following sections providelaief overview of current components including variable
rate application devices, system control hardware, and decision making systems. An
ovewiew has also been provide®f auxiliary components such as location technology and
variable rate water supply pumps. Key management consideratmm&xample,
management zone conflicts with irrigation application uniformity and integrated nutrient
andpesticide applications are discussed.

Irrigation Application Devicesand System Control

A range of technologies have been developed to deliver variable rate irrigation

applications that were classified according to Caitngl. (2006) as:

1 Multiple discretdixed-rate application devices operated in combination to provide a
range of application depths (see McCatml, 1997; Camp & Sadler, 1994);

1 Flow interruption to fixedrate devices to provide a range of application depths that
depend upon pulse frequsn(see Evans & Harting, 1999); or

1 Variableaperture sprinkler with timproportional control (see King & Kincaid,
1996; Kinget al, 1997).

Each of these examples also involved development of an appropriate control system, to

control both the speed of thmachine and the variable rate of applications from the

different nozzle arrangements.

Key criteria in the development of these technologies included:

Ease of retrofit to existing commercial irrigation systems;

Good water application uniformity within atetween management zones;
Robust electronics;

Compatability with existing irrigation system equipment;

Bi-directional communication; and

Flexible expansion for future development and functional requirements.

= =4 =4 -8 -8 9

The precise location of all elements of thelagation system needs to be known at all
times during operation if accurate site specific water applications are required. Various
approaches have been used to accurately locate the multiple segments or spans.
Approaches for centre pivots have included:

1 Use of multiple electronic compasses to continuously measure the misalignment
along the length of the system.

1 Useof Global Positioning Systems (GPS) at one or more locations along the.gite (
Peters and Evett, 2005 GPS units are progressively gedticheaper and this is
becoming an increasingly viable option (Campal, 2006). Most lateral move
systems utilise one or more GPS sensors to determine location.

The Farmscai@000VRI system described in Case Study 5 is an exampleahmercial
system developed in Australia, for control of variable applications from centre pivot
machines. The case study which is taken from the sales literature of the company
describes the operation of the syster. similar system has been developed in New
Zealand byPrecision lIrrigation Http://www.precisionirrigation.co.nz The first system

was installed on a dairy farm in 2008 and since then 12 VRI systems have been installed.

Mﬂk 1003017 Review of Precision Irrigation Technologies and tiAgiplication 33


http://www.precisionirrigation.co.nz/

Case Study 5: Control of centre pivot machines for site-specific irrigation

Configuring centre pivot machines to apply variable rate irrigation to predetermined maps
is now a commercially available technology. An example is the Farmscan 7000 VRI.
This is an important step toward centre pivotsop@ag precision systems, in that it
provides one of the four stages required for a true precision system.

Extracted from the Farmscan sales literature:

Prescription maps are created using PC desktop software. The application map divides
the circular ara covered by the pivot into-20° pie slices and every slice is divided into
segments. Rates can be assigned to as many or as few of these segments as required.
Maps are then transferred to the 7000 controller via a USB stick. The GPS at the end of
the pvot monitors actual position. If watering rates need to increase above 100%, the
pivot will be slowed down. Similarly, if less than 100% is required in zones, the pivot will
walk faster, saving energy and wear and tear.

The 7000 master node can contfigk zones plus end gun in stand alone mode. By
adding 7001 slave nodes placed along the boom on a simple shared communication
system, up to 48 watering zones plus end gun can be controlled. Options for wireless
communication are also offered. Sprinkle@re grouped into banks and these banks are
controlled by either an air or a water pilot line that turns the water off.

The Farmscan 7000 system enables variable water application rates. Using GPS, banks of
sprinklers are cycled on / off according toragetermined prescription. Additionally, it
controls pivot travel speed and end gun function for optimal efficientlge system
controls watering to compensate for spatial variability in the field.
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Because soils have different textures, water holding capacities and infiltration rates etc,
irrigation requirements may differ between different zones in one field. Application rates
can be praletermined for automatic rate control on different ggiles. Low lying and

boggy areas can be excluded from watering.

With multiple crops under production, harvest timing and watering regimes are often
different. Pivots can be programmed to automatically siftito avoid overlap and nen
crop inclusions irthe field.

Decision Making Systems

The development of decision making frameworks to control variable rate irrigation for
CPLMs in real time lags behind the development of the hardware components @€amp
al.,, 20@B). Much of the early workon spatially varied irrigation use mapased
(historical) data rather than re@he data from otthego sensorsgmith et al, 2000.
Sensotbased irrigation systems are potentially more accurate tharbassa systems

due to the realime nature of the dataTypically the &isting control systems utilise a
digital map or file of predetermined spatially referenced data for managing site specific
applications of water. Research is underway to develop management systems that
respond dynamically to real time data ectled by remote or local sensors mounted on
the irrigation systeme(g.Peters & Evett, 2008; O'Shaughnesswal, 2008).

Automated sitespecific sensebased irrigation control systems have been reported in the
literature for lateral move and centre g@ivrrigation machinese(g. Moore & Chen, 2006;
Evanset al, 2007). These control strategies are-dmeensional (using only soll
properties for scheduling) and they aim for crop uniformity across the field rather than
attempting to optimise productiom different parts of the field. However, local
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microclimate, plant genetics and pest infestations in the crop may result in one area
having a different optimal yield relative to another area of the field, and if the control
strategy aims for uniform yidlacross the field then the yield cannot be maximised. The
system developed by Evaes al, (2007) forms a soil map based on soil moisture data
calibrated with neutron probes and a weather station: irrigation and fertiliser amounts
determined by the saihap are then transmitted to the sprinklers.

Another controller for variableate centre pivot irrigation using soil moisture data
feedback was conceptualised by Moore and Chen (2006). In this case, a learning
controller adjusted the irrigation applitan flow rate to control the water or
concentration of nutrients in the soifhe application flow rate of the centre pivot system
would be adjusted based on data from sensors buried in the soil in each management
zone. The control of the irrigation wasolely dependent on the concentration of crop
input (e.g. moisture content) in the soil and did not involve evaluating the input sensor
data, when in fact the soil moisture content alone may not accurately indicate the health
of the crop as it only optiraés one variable. This controller of Moore & Chen (2006) is
only conceptual and has not been tested on an actual irrigation machine to verify the
performance of the controller.

Work at the National Centre for Engineering in Agriculture (NCEA) at US(cthd
toward the adaptive control of spatially varied applications from centre pivot and lateral
move machines is progressing on three fronts.

First is the development of simulation models of the machine hydraulic performance and
of the depths of watempalied by the machines (Smith, 1989; Snethal, 2003). These
models were originally conceived as diagnostic tools but will be an essential component
of the decision support for the adaptive control system. The models have also been used
to determine He minimum size of management zone possible with these machines,
expressed as a function of the sprinkler spacing, wetted diameter of the sprinklers and the
machine speed.

Sensing of the crop response to the water applied is currently seen as thedgfefst

back to the machine controller. Recent work by McCaehwl. (2006a&b, 2007 has

used machine vision to monitor inbkeode length of cotton. Measurements on the same
plants on each pass of the irrigation machine offers the possibility oftimeal
measurement of crop production functions for different irrigation application regimes.
Hence the machine controller will be able to select the most appropriate application for
particular sukareas of the field in regime and at a spatial resolutitimited only by the
number of sensors deployed and the spatial resolution of the associated modelling.
Finally, a project currently underway (McCarthy, 12D is investigating control options

for these machines as outlined @ase Study .6 Although developed for centre pivot
systems, it has the ability to provide the decision making for any irrigation application
method as discussed in Section 7 of this review.

Variable Water Supply

Most conventional moving irrigation systerae designed for and operate with a constant
flow rate and pressure to the system in which all sprinklers opaiaiéthe time(with

the exception of end guns)The bulk of the precision irrigation research with centre
pivots and lateral moves has @ssed on delivering variable flow rates for predetermined
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management zones, requiring water to be supplied to the system at a constant pressure but
at a variable flow rate.

Possible solutions developed for variable supply include:
1 Multiple pump plant, ér example the system described in Caghg@l. (1998) uses
four pumps, each drawing from a reservoir and each connected to a discharge
manifold to provide constant pressure at a range of flow rates; and
1 Use of variable rate pump as used by Harting (1999).
Both options represent a significant additional expense compared with conventional
irrigation systems (Camet al.,2006).

Management zone conflicts

There is a close relationship between the wetted diameter of the sprinklers and the need
for overlap to altieve acceptable application uniformity, the allowable overspray into
adjacent management zones and the desired management zones (based on plant and soil
condition). Consequently, the system can be designed either for maximum application
uniformity within the management zones, which means accepting overspray into adjacent
zones, or for maximum management zone integrity (no overspray allowed), which means
the desired water application depth will not be met evenly in the border areas.

Further improvementsithe performance of these types of machine are occurring through
the adoption of Low Energy Precision Application (LEPA) technologyle( and
Bordovsky 1981). The LEPA system involves use of very low pressure sprays or
bubblers located just above thdl surface on the end of long drop tubes. Efficiency is
improved through a reduction in spray drift and evaporation. Spatial uniformity is also
very high and spatially varied applications are readily achievable.

Case Study 6: Adaptive control of centre pivot and lateral move machines
for site-specific irrigation

Irrigation is traditionally undertaken with the objective of maximising the uniformity of
applications, ie, applying the same depth of water to all parts of the field. However not
all plants may requiréhe same amount of water. With appropriate decision support and
control systems, centre pivot and lateral move machines (CPLMs) can be configured to
deliver spatially variable or site specific applications in a-tiea response to plant
requirements. This case study illustrates a possible framework (VARIwise) for the
control of such a system and provides a direction for the future development of sensing
and decision support tools that will be required. The study has shown how an adaptive
selfoptimising irrigation strategy could result in improved water use efficiency.

This work has demonstrated the potential benefits of site specific irrigation and has

illustrated how VARIwise might be used as a core component of control systems on

CPLMs designed fovariable rate applications. Integration with commercially available

control systems such as the Farmscan 7000VRI is a next step in its development.

However, beyond t his VARI wi s e has t he p

management tool that:

1 is aplicable to all irrigation application methods;

1 can optimise the water management to give maximum yield or WUE (replacing the
traditional stand alone irrigation scheduling);
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1 can optimise and control the application system; and

91 is applicable irrespective afhether or not the system can apply spatially varied

applications or is automated.

Reference: McCarthy, A.C., Hancock, N.H. and Raine, S.R10)20VARIwise: a

generalpurpose adaptive control simulation framework for spatially and temporally

variedirrigationat subfield scale. Computers and Electronics in Agricultui@;, 117

128

Irrigation control strategies may be used to improve thespiggific irrigation of cotton

via lateral move and centre pivot irrigation machines.
been

O ARI wi sebd

has

spatially and temporally variedite-specific irrigation control strategies.
accommodates stfeld scale variations in all input parameters using & teti size, ad

permits application ofliffering control strategies within the field, as well as differing

irrigation (and fertigation) amounts down to this scale.

Data input:

(Input requirements include date, time, sensor and location in field)I

Import
rom
Internet

. Input via
input screen

GPS location
via Google map

Import Import
rom . from_
text file | |image file
Irrigation eg. e.q.
application W%ather NBVI image,
uniformity gtattlon EM38 mag
ata

v weatiwe‘r dat% l v v v

A simulation framework
cr eat e don and mamagemertt bfe

VARIwise

Predictive
| Databases: 4 * I 4
i Irrigation i Control
Property Field Crop ma%hine Sensors -} Field scale data || strategy
evaluafion|
—] _ Sensor A
Prope Field Cro|
A5 |l label label detalls
3
[ Field scale data is saved separately for each properfy, field, crop and sensor
Field size Spatially interpolate/
Machine type gd varYa ilit pto data Sprmkler 8°{‘§’%' ﬁ"g‘egy
Software gell size ata mterpr atuon catlon
Il assign cells t éor cell :
processes: || ||aggregation  inputdata) overage) Field data
N
Dividing fleld LI Spatial Control i Di_splag
into cells ! database strategies simulation output
Cell | A
locations Sensor data
Irrigation amount 3 A
) - and timing v Simulation output
ISlmuIatlon model:
Simulation
model

Key:

- Input of whole-of-field data

‘ Division of field into cells

- Control strategies

- Simulation model and display of control
strategy output

Creation, accumulation and management
of spatial databases

Flow chart for

the VARIwise software

M 1003017

Review of Precision Irrigation Technologies and tiAgiplication

38

dev



VARIwise has the following major functional characteristics:

(1) the ability to input wholeof-field data and distribute sparse spatially varied data;
(2) division of the field into variably sized cells (which may be grouped into zones);
(3) creation, accumulation and management of spatial databases;

(4) simulation of natural ariability for sensitivity and robusness analyses;

(5) incorporation of agronimic simulation model/s (e.g OZCOT);

(6) implementation of control strategies;

(7) display of control strategy output; and

(8) reaktime irrigation machine control.

A case study for the irrigan of cotton demonstrated that VARIwisgEcommodates
field-scale variations in input parameters, a standattbn plant model (OZCOT) and
evaluation of adaptive contrstrategies which have the potential to improve yield and
irrigation water use index-urther work in VARIwise will entail an analysis tife control
strategy outputs and exploration of the strategies usipgt data with various spatial
scales and time steps.

Weather Profile 1, Sicot 73 Weather Profile 2, Sicot 73 Weather Profile 3, Sicot 73
Yield = 9.3 bales/ha Yield = 9.2 bales/ha Yield = 8.4 bales/ha
Tririgation applied = 116 ML Trrigation applied = 130 ML Irrigation applied = 162 ML
TWUI = 1.0 bales/ML TWUI = 0.9 bales/ML TWUI = 0.7 bales/ML

Weather Profile 1, Sicot 71B Weather Profile 2, Sicot 71B Weather Profile 3, Sicot 71B

Yield = 9.1 bales/ha Yield = 9.3 bales/ha Yield = 8.4 bales/ha
Trrigation applied = 136 ML Trrigation applied = 116 ML Irrigation applied = 162 ML
TWUI = 0.8 bales/ML TWUI = 1.0 bales/ML IWUI = 0.6 bales/ML

Output of the selfoptimising irrigation strategy with variable -rate irrigat ion
machine
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5.2.30ther Sprinkler Systems

The other prinkler systems such a&ed systems andravelling gun systems, have
received the least attention to date in irrigation resaargkeneral and precision irrigation
research in particular

For the fixed systems, the design and simulation tools mentioned in Section 5.2.1 are
available and if used correctly should lead to acceptable irrigation performance. However
anecdotal evidence suggests this is not the case and that incorrect nozzle spacing is
resuting in less than acceptable application uniformities. Adaption of these systems to
provide spatially variable applications has been achieved (e.g. Mietndh, 2005)
although no information was provided regarding its irrigation performance.

Travelling gun irrigation isa popular form of irrigation in the Queensland dairy, sugar
and horticultural industries. High uniformity of irrigation applications is essential to the
efficient production of high yields from these irrigated crops. However, poforonty

of applications is characteristic of travelling gun machines under commercial conditions,
as supported by recent field measurements. For example, &nath(2002) reported

that only 25% of machines tested in sugar cane in the Bundaberg &eaerfsland gave
uniformities greater than the recommended Christiansen Coefficient of Uniformity (CU)
of 80%. There are a variety of reasons for this poor performance, including excessive
spacing between travel lanes, poor nozzle selectiorpstiimal gin sector angle, and the
operation oimachines in windy conditions.

The computer model, TRAVGUNSmith et al, 2009) was developedpecifically to
diagnose problems with the operation of these machines. Once calibsated|#tes the
irrigation applcations bya particular machine under different windnd operating
conditions. A novel approach to calibration of the mogelsdeveloped that usesmple

field measurements of applied depths along transects perpendicular to the travel direction
of the ma&hine. The user can simulate the sprinkler pattetramsectsand applications

over an entire fieldvhile changing various operating parameters such as the lane spacing
and sector angle to identify the optimum values for those parameters.

A conventiona travelling gun system is adversely affected by windy conditioms.
counter this,Ozaki (1999) at Cranfield University, UKlevelopeda prototype robotic
selftravelling sprinkler (STS$ystem. It controls thenozzle (headand the water supply
instananeouslyin response to windy conditions tminimize the distortion ofthe
sprinkler pattern byvind and the amount of the wasted wat&€he robotic STSprinkler
head has two degrees of freedom; sector and trajectory angles, drigegppgr motors
to follow the control model, which are found by applying prediction modelsaiér
distribution. The robotic STS system offeseveral advantages, including:

1. The STS heads controlled instantaneously to correct the water distortion from the
wind with relaion to the wind speed and directiotn addition, thesystemis shut
down wherthe wind becomes too strofwy it to run efficiently.

2. Using the experimental and mathematical modelsapblication patterns from
sprinklers, the system enaldevater to be wstributed to the required area, even up to
irregular boundariesfor example, fence lines, corners of fieldsd virtual field
boundaries.

3. Treatment maps can be introduced to the models of the STSwhieel can be
controlledby reckoning the position ithh eithera DGPS or dead reckoning system.
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In other words, it i9ossible taapplywater or chemicals, which vary spatially in the
regions of the field or temporally through the season.
This project demonstrates the potential of travelling gun irrigagistems and similarly
configured spnkler systems to be controlled to deliver spatially variable irrigation
through a fully automated system.

A similar system was reported by Ghinassi (2010) where performance of a travelling gun
sprinkler is maximisedby reattime variation of pressure, travel speed, wetting angle and
speed of rotation.

5.3 Micro-irrigation Systems

Micro-irrigation systems are typically designed to wet only the zone occupied by plant
roots and to maintain this zone at or near an optimuoistare level. Obvious
advantages of microrigation include a smaller wetted surface area, minimal evaporation
from the soil surface, reduced weed growth, and potentially improved water application
uniformity within the crop root zone by better contosler the location and volume of
application.

A particular benefit of micrérrigation is the ability to apply small amounts of water at
short intervals. This provides the opportunity to maintain the soil moisture at a specified
moisture deficit below fiel capacity for part or all of the season and hence the
opportunity for increased effectiveness of rainfall during the irrigation season.

The potential efficiency of microrigation systems is often quoted as greater than 90%.
Losses of water in microrigation systems occur principally through evaporation from
the soil surface, surface naff and deep drainage. Evaporation losses are generally
small due to the limited wetted surface area and the absepoadHd surfacewaterdue

to the low dischamg rates. The application of water usually occurs beneath the crop
canopy, either directly on to or beneath the soil surface, further reducing the potential for
evaporative loss. Ruoff losses are also usually small due to the low application rates.
However, as with all irrigation systems the ability to achieve high levels of efficiency is
more a function of the management of the system rather than some inherent property of
the system. For example, Shanretnal. (1996) found that drip irrigation appétion
efficiencies under commercial conditions in the Bundaberg area ranged from 30 to 90%.
Given the nature of the system, these losses were most likely from over irrigation and
deep percolation.

Placement of the drip lines is an important consideratioachieving high efficiencies.
For example, Hendersaet al. (2008) demonstrated a 25% gain in efficiency when drip
lines were placed adjacent to each row of broccoli rather than between every second row.

Dominant causes of neimiform applications frm microirrigation systems are: pressure
variations along the lateral pipelines, variability in the emitters occurring during
manufacture, and blockage of the emitters. Extensive evaluations of the uniformities of
applications from micrarrigation systemm have been conducted in the USA (eg. Hanson
et al, 1995) using mobile field laboratories. These have shown that emission
uniformities are less than desirable with commercial systems commonly operating with an
Emission Uniformity E,) of less than 80%. This is supported by local data from
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McClymont et al. (2009) and Hornbuckleet al. (2009 who reported Distribution
Uniformities PU) as low as 32% from a sample of drip irrigated vineyards in Southern
Australia. These data point to the need for fieldleation, diagnosis and correction of

all micro-irrigation systems if the potential of these systems for precise applications is to
be realised.

Systems for recording and reporting the results of performance evaluations of micro
irrigation systems are awNable, for example Hornbucklet al. (2006, 2008,200%).
However these systems do not provide any diagnostic capability and cannot be readily
integrated with the software used for system management.

Micro-systems have greater potential for precisiagation than other systems. They are
easily controlled and are commonly automated on a,tised moisture or time
temperaturdasis(e.g.Phene & Howell, 1984; Meroet al, 1996;Dukes and Scholberg

2004 Wanjuraet al, 2004; Evattet al, 200§. They also lend themselves to adaptive
control and have the potential to apply spatially variable applications at a range of scales
from individual laterals to individual emittersvariable ratecontrolless that respondo
reattime sensingand decision makg, are particularly applicable to miehsigation
systems.

Research into precision irrigation for midrogation systems has been undertaken
primarily in horticultural crops including viticulture (Oat al, 2008; Caprarcet al,
2008&b) and frut tree orchards (Coates al.,2004; Uniwater, 2008Adhikari, 2008.

Research by Capraet al. (2008&b) in viticulture utilised closed loop irrigation control
systems with moisture measurements in the root zones to maintain the soil moisture level
araund a set value.The controller determines when and how much to irrigate as a
function of the current difference between soil moisture measurements and the reference
values. Both projects incorporated regulated deficit irrigation strategies within the
irrigation control system to achieve particular quality targets, that is, the enological
quality in the grapes.

Coateset al. (2004 2005 2009 focused their efforts on the development of a spatially
variable micresprinkler system that will allow for magament of individual trees in an
orchard. More specifically, the focwgasto differentially supply water and dissolved
chemical fertilizers to one or more individual trees fed by a single rsprakler drip

line. In particular, the project focused on:

1  Designing an intelligent micreprinkler node that can be individually addressed
from a drip line controller.

1  Developing a physical network and serial data protocol for power distribution and
communication between a drip line controller and individuahg&fer nodes along a
drip irrigation line.

1  Developing software to operate the master controller, drip line controller, and
individual micresprinkler nodes.

1  Experimentally evaluating the system performance.

Therr work has resulted imMemonstration antestingof a four node prototypspatially
variable micresprinkler system A total of 50 micresprinkler nodesvere deployed.
Each micresprinkler nodeconsistsof a low cost microcontroller and electronic circuitry.
Simple latching solenoid valvesdividually control water flow at each micgprinkler.
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A pressure sensas used tamonitor drip line pressuse A drip line controller provides
adequate memory to store irrigation schedules and sensor data. A master laptop computer
is used to transmischedules and access sensor data on the drip line controller.
Preliminary results show that spatially variable management is possible. The focus of
this work has been on hardware developmefibe decision making tools required to
support and optimizéne system responses have not been developed.

TorreNeto et al, (2000) providd another example of sensor based contradpatially
varied applications from a micigprinkler system

The University of Melbourne recently completed a project to develaptast automated
irrigation systems for micrarigation (Ooiet al, 2008; Uniwater, 2008). Two irrigation
controllers, a soimoisture based controller and an-Bdsed controller were developed

and integrated into wirelessly networked irrigation consydtems in a Pink Lady apple
orchard at Dookie and a block of Shiraz wine grapes within a large commercial vineyard
at Corop. Results from the Dookie orchard showed that automated irrigation using closed
loop control systems improved water productivigmpared with manual irrigation by

73% (Uniwater, 2008). These results demonstrate the potential of -tbagedrigation
contr ol for i1rrigators at the | ower end of
end of the efficiency spectrum. For thosggators already at the upper end of the
spectrum, adoption of the technology would lead to substantial labour and time savings
without any attendant loss of irrigation expertise.
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6 EXISTING AND EMERGING TOOLS & TECHNOLOGIES

6.1 Data Collection: Tools & Technologies

A precision irrigation system requires clear evidence of significant spatial and/or temporal
variability in soil and crop conditions within a field and between fields and the ability to
identify and quantify such variability in order to implemhean appropriate irrigation
response Existing technology is available to measure the various components of the soil
crop-atmosphere continuum (soil moisture content, crop water requirement or crop
response), many in retime and at sumetre scales, anto provide precise and/or real
time control of irrigation applications.

Data collection to measure spatial and /or temporal variability for use in a precision

irrigation system might include plant based sensing;vgaier sensing, weather based

sensng or any combination of these. Field spatial variability can be measured:

1. Continuously (g. on-the-go monitoring using a thermal camera mounted to a
centre pivot);

2. Discretely (eg. point sampling of soilvater content usingoil moisture probgsor

3. Renvotely from a sufficiently high altitudesuch that a single measurement
encompasses most or all of a field.

6.1.1Weather Based Sensing

High quality, local meteorological data are neededttier purposarrigation scheduling

and for the operation of the variousop simulation and water balance models used in
agricultural and irrigation managemerithese data can be obtained from automatic
weather stations installed for a specific farm or project on more inexpensively from
networks operated by a central agency.

An example of the latter is the Texiligh Plains ET NetworkTexas A & M University

Agricultural Program, 2005yvhichwase st abl i shed in the 19906s

and timely access to meteorological data for use by producers, agricultural reearch
and others interested in agriculturally relevant meteorological datae TXHPET
operaté 18 meteorological stations with regional coverage estimated at four million
irrigated acres. The network dissemimbteeteorological data, including Eased mop
water use information on a daily basiShese datavere disseminated primarily through
fax and/or orline web access to over 825 data users per Bajaincludel daily values

of reference crop ET, air and soil temperatures, precipitation and graegrge days
(heat units) for the 3 days prior to the current dddaily water demandon a daily, 3
day, #day, and seasonal basmgere calculatedor some key crops in the region. Water
use estimates and accumulated growing degreewdagspresentedor several planting
dates for each croplhis service now operates as Texagkfip://texaset.tamu.edu/

Weather station information for determining reference eseguspiration Ero) is
commonly available tlmugh nearly all of the irrigation regions in Australia (Hornbuckle
et al, 2008). In addition daily Ero values calculated using the modified Penman
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Monteith equationas described in FAO 56 (Allen et al., 1998) are available from the
Bureau of Meteorologyhttp://www.bom.gov.au/watl/etp/

WeatherasedEro datais now commonly useih conjunction withremotely sensed crop
data as discussed in Section 6tb.8alueadd tothis traditional information source

6.1.2Plant Based Sensing Overview

There are a wide range of plant based sensing technologies available to identify the onset
and severity of plant stress. This section has been drawn largely from White & Raine
(2008) and readers are referred to thiorefor a comprehensive overview of plant based
sensing methods, details on the method of operation, maintenance requirements, typical
purchase costs, and the advantages and disadvantages of eachandtkioeir usdor
commercial irrigation scheduling.

Plant based sensing technologies can be broadly categorised into those requiring direct
contact with the plant and those roontact sensors that are proximally (e.g. hheld or
machine mounted) or remotely (e.g. airborne, satellite) mounted. Thectceatesors
provide detailed timseries data for individual plants, useful for understanding diurnal
fluctuations. The proximal and remote sensors are more appropriate for collecting spatial
data across field, farm or regional levels and hence, are mprepaiate for assessing
spatial variations in plant stress and application in a precision irrigation system.

Plant based sensors for irrigation typically measure plant responses that are related to
moisture uptake (g. plant water status, sap flow)amspiration (. canopy temperature
reflectance) or growth rate. Variations in these measures indicate crop stress which can
be used to infer when to apply irrigation. However, plant based sensors do not provide
any indication of the volume of irrigath water that is required to be applied. Hence
these techniques should be used in conjunction with either soil moisture measumments
simulationto confirm the irrigation requirements. It should also be noted that the level of
crop stress observed iscamplex function of soil, plant and atmospheric conditions.
Hence the user needs to ensure that the crop stress observed is due twoaercail
moisture deficit and not disease, pest or exceptional atmospheric conditions.

Plant based sensing forigation requires the identification of well tested/validated crop
stress threshold values. Hence, a critical factor in choosing a particular sensor is the level
of crop response knowledge that is available under alternative soil moisture and
evaporativeconditions for the various sensor options. Threshold values for plant based
sensors can be developed by

() correlating the observed sensor outputs with established industry practices (e.g.
what are the plant sensor readings when irrigation is applied bassttepted sail
moisture or atmospheric triggers?),

) conducting replicated trials where irrig
range of sensor values to identify desirable agronomic crop growth, lint quality,
yield or other crop characteris$ or

(i) evaluating trends in the sensor data and arbitrarily defining critical levels (i.e. if rate
of growth shows a marked slowing then irrigations should be applied).

However, care should be taken when assessing the physiological responses (e.qg.

photosythetic rate and assimilate production) to water availability as a reduction in the
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photosynthetic rate may not necessarily inhibit the yield potential of the crop. For
example, in the case of deficit irrigation of cotton, mild soil moisture stress ro@age
yields, reduce water use and increase crop water use efficiency.

It is the plant which is being managed to maximise production and profitability. It is also
the plant which is the integrator of the environmental (e.g. soil, weather) conditidns

farm management factors. Hence, it is appropriate to monitor plant stress and use this
information to target improvements in crop and water management. However, as the
range of plant sensing options increases, it will be increasingly importanentfyd

which plant based sensors are appropriate for specific crops and to ensure that the
appropriate sensor threshold values for irrigation application are defined.

Many proximal and remote sensing tools, which were previously only used by
researchersare now accessible for commercial usd?roximal units are typically
handheld trailed or vehicle mounted. Tlyetypically come with logging and GPS
capability to enable maps of the field measurements produdezste isalsoa wide range

of satellite basd sensors from which data can be obtained for agricultural Tike.
number of product suppliers is increasing and the cost of these products has also been
decreasing making these technologies more affordable for routineNisiée and Raine
(2008) suggsted that with he then current use of remote sensor platformsg.(e
unmanned aerial vehicles, planes or satellites) for regional irrigation evalyations
commercial applications at the farm and field scales for precision irrigation are not far
away.

6.1.3Plant Based Sensing Recent Applications

Radiometric sensors

Bastiaansseret al. (2002) reviewed the sensing tools available for -gegetation
atmospherdransfer processes and sought to identify the practical applications for these
tools. A wide rangeof sensors are available which can be yseximally or remotely

and whichmeasure the electromagnetic reflectance from a surface arpasgicular

band width ora number of band widthaVicBratneyet al. (2003) provided an illustration

of the parts bthe electromagnetic spectrum that can be used for sensing environmental
and soil variablegFigure2).

A now common application in irrigation is to use remote sensing to evaluate crop factors
for use in irrigation schedulingln this casethe data lave usually been processed to
highlight differences in croponditionusing a Normalised Difference Vegetation Index
(NDVI) (seeFigure3). Variousresearcherbave found relationships between NDVI and
crop coefficients for a brakarange of cropse(g. Hunsakeet al, 2003; Belmontest al,

2005;Johnsoret al, 2006 Trout and J o henhas 2008;Horakudkl@et D6 UTr

al., 200%). An alternative to the use of NDVI is the prediction of actual crop evaporation
using remotesensing of the energy balance (e.g. Gowdal, 2008a&h Chavezet al,
2009. Both approaches offer the meao®btain large scale, low cost, site specific crop
evaporation datéo assist in site specific irrigation managemeiithe energy balance
appoach is still in the development stagereassystems using NDVI are in use in
various parts of the world.
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Figure 2 The electromagnetic spectrum and the frequencies useful for proximal and
remote sensing (McBratneyet al, 2003)showing the frequencies for the EM, radar,
infra -red, visible and ultra-violet wave bands

Figure 3 Example NDVI images of cotton fields in the Dawson Valley Irrigation
Area (200304)
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By way of example,during the D05 irrigation seasorn California a system for
providing 6nowcastsd and forecasts of 1 rri
of satellite images with a 4 4 m resolution and ground basggl reference station
networks(Johnsoret al, 2006) These were combined with a soil water balance model

and used to generate critical irrigation information such as soil water content, crop water
stress and irrigation demand.

The automated system streamlines data retrieval from the various inforrsatieces,
pre-processing, integration, and soil water balance modelling and produces daily spatial
values of leaf area indexLAl), soil water content, leaf water potential, cumulative
applied irrigation and cumulative water stred&eather forecast infmation could also

be used in the system to specify irrigation recommendations based on water stress levels
of the vine. The information system provided daily spatial coverage (such as those shown
in Figure4) to irrigators. These were available for viagion the web by 9:00am each
morning.

A similar approach, relating crop coefficients to NDVI which, when combined with
traditional ongroundETo reference stations was used for estimating water use of irrigated
crops spatially as part of the DEMETERDEMonstration of Earth observation
TEchnologies in Routine irrigation advisory services) project in EugBpenonteet al.,
2005) This information was then delivered to irrigators through multimedia message
service features on mobile phones.

Locally, aproject undertakeby the CRCfor Irrigation Futures (Hornbucklet al,, 2008)

likewise used satellite deriveNDVI values using the Landsat Thematic Mapper satellite

as a low cost means of determining site specific crop coefficient informathen

converted to a crop factor it then used with reference evapanspiration from weather

stations to provide paddock specific scheduling information. A basic water balance
model is run using theveather station informatiom conjunction with the irrigater 6

specific crop and management situation. This data is then converted into an actual
pump/ dripper run ti me t o -trapspifateorc &d is ket pr ev
directly to the irrigator on a daily basis via the mobile phone SMSJase Study 10

The focus of the system at this stage has been on delivering this irrigation scheduling
information for irrigated horticultural crops on pressurised systems. The system was
trialled with a number of wingrape irrigators in the Murrumbidgee Irrigation Area
during the 2007/08 irrigation season. Coupling of the Landsat satliteed crop
coefficients and the SMS delivery service offers the potential to provide low cost,
personalised (for crop type ancanagement condition) irrigation scheduling information

to individual irrigators across an irrigation districOther benefits also include high
spatial resolution of scheduling information (approxn3® 30 m) which offers potential
applications within aprecision irrigation system to manage spatial variability within
individual fields.

The use of satellite imagery in this way for slowly varying parameters such as NDVI or
LAl is not prejudiced by the occasional cloudiness that occurs in the more hrgated
areas

All of the above studies used the remotely sensed data in conjunction with a soil water
balance model. Barne=t al. (2000) suggested that the synergy between remote sensing
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and crop simulation modelling was the future for managementtiwigs in precision
agriculture. They demonstrated the capability by integration of the remotely sensed crop
water stress index with the CER&$heat model to provide data on witHield
variability in plant water requirements and yield response.

LAl July 15, 2005 Soil Moisture June 30, 2005
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Figure 4 Soil water, crop variablesand forecast irrigation for a 400 ha Napa Valley
irrigated vineyard (reproduced from Johnsonet al, 2006).
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