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Abstract: Pasture performance of 924 dairy farms in a major irrigation district of Australia was
investigated for their water use and water productivity during the 2015-2016 summer which was
the peak irrigation period. Using satellite images from Landsat-8 and Sentinel-2, estimates of
crop coefficient (Kc) were determined on the basis of a strong linear relationship between crop
evapotranspiration (ETc) and vegetation index (NDVI) of pasture in the region. Utilizing estimates of
Kc and crop water requirement (CWR), NDVI-dependent estimates of Irrigation Water Requirement
(IWR) were derived based on the soil water balance model. In combination with daily weather
information and seasonal irrigation water supply records, IWR was the key component in the
understanding of current irrigation status at farm level, and deriving two irrigation performance
indicators: (1) Relative Irrigation Water Use (RIWU) and (2) Total Irrigation Water Productivity
(TIWP). A slightly higher proportion of farm irrigators were found to be either matching the irrigation
requirement or under-watering (RIWU ≤ 1.0). According to TIWP, a few dairy farms (3%) were
found to be in the category of high yield potential with excess water use, and very few (1%) in the
category of limited water supply to pastures of high yield potential. A relatively high number of
farms were found to be in the category where excess water was supplied to pastures of low-medium
yield potential (27%), and farms where water supply compromised pastures with a sub-maximal
vegetation status (15%). The results of this study will assist in objectively identifying where significant
improvement in efficient irrigation water use can be achieved.

Keywords: irrigation water requirement; irrigation performance indicators; soil water balance

1. Introduction

Irrigated agriculture is the major consumer of freshwater worldwide, presently in the order
of about 70% [1,2]. However, water availability for agriculture continues to decline due to
competing demands from other sectors such as municipal, industrial, and recently environmental
and recreational [1,3–5]. Assessment of irrigation performance is critically important for improving
irrigation water management and the sustainability of irrigated agriculture [6]. To measure irrigation
performance, numerous indicators have been suggested and evaluated [3–5,7–10]. The key parameters
used in most of these indicators include crop water use, crop water supply and crop productivity.

There has been a long tradition of measuring crop water use and crop water requirement
to assess irrigation performance. A 1977 FAO publication [11] related crop water use (ETc, crop
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evapotranspiration) to reference evapotranspiration (ETo) and crop coefficient (Kc), which account
for all crop-specific variables: ETc = Kc·ETo. Later on, in order to maintain consistency, standard
procedures were developed and introduced to calculate Kc and ETo in a paper ‘FAO56’ in 1998 [12],
which have been widely adopted [13]. Kc values calculated by traditional methods [12] represent
average to optimum crop status under stress-free conditions and fail to describe variations within and
across fields [14]. On the other hand, actual Kc estimates present inherent variations arising out of
physical, physiological and management factors. Recent approaches using remote sensing techniques
overcome these shortcomings of traditional Kc values [5,8,14–16] and make it possible to have field-
and time-specific actual Kc estimates [8].

There are three broad approaches that use remote sensing techniques to estimate Kc as
described below.

(1) ‘ET Analytical (ETA) Approach’ is used to estimate ET directly by using Penman-Monteith
equation as adopted in ‘FAO56’ [17]. To calculate ETc, this approach requires certain biophysical
crop parameters such as albedo (r—dimensionless), Leaf Area Index (LAI—m2/m2), estimated
from satellite images. Then in combination with meteorological data, Kc can be calculated as
ETc/ETo ratio [17,18]. This approach does not require thermal infrared waveband but does
require visible, near-infrared (NIR) and shortwave infrared (SWIR) bands.

(2) ‘Surface Energy Balance (SEB) Approach’ provides instantaneous actual ET estimates [19,20].
This approach is based on the relationship of various energy fluxes (Rn = LE + H + G). The net
energy flux (Rn) is distributed between soil heat flux (G) and convective fluxes (sensible heat
flux, H, and latent heat flux, LE). LE can be determined as residual energy if the other fluxes are
known, measured or modelled. The 2 residual energy methods that are widely used are (1) Surface
energy balance algorithm for land (SEBAL) [20], and (2) Mapping evapotranspiration at high
resolution and with internalised calibration (METRIC) [16]. Actual ET values from this approach
can then be used to calculate actual Kc estimates for specific fields and crops [21]. This approach
essentially requires thermal infrared wavebands in addition to visible, NIR and SWIR bands.

(3) ‘ET-Vegetation-Relationship (ETVR) Approach’ is based on the strong physical correspondence
between crop evapotranspiration and the spectral response of vegetation, with particular
reference to the visible and NIR spectral regions [21–23]. Reflectance measurements in the
red and NIR, are used to derive, through simply linear combination, some spectral vegetation
indices (e.g., NDVI) and then the values of NDVI are utilized to calculate the crop coefficient
through a linear relationship between NDVI and Kc (Kc = a·NDVI ± b). Once the ET-vegetation
relationships are established for specific crops and specific region, this approach simply requires
visible and NIR wavebands to calculate Kc on a routine basis.

The ETVR approach has an obvious advantage of wider application as it requires minimum
satellite data (red and NIR wavebands) as compared to the other two approaches (ETA and SEB).
A number of studies have shown the application of this approach to calculate actual Kc values for
estimating crop water use [21–23]. However, there are very few studies that have combined this
simple approach with soil water balance modelling in order to adequately determine irrigation water
requirement (IWR) of crops [24,25]. Similar studies for pasture are scarce.

In this study, we present IWR for dairy pastures as estimated by using the ETVR approach
combined with soil water balance modelling. We demonstrate the use of IWR thus estimated for
the two key indicators for assessing irrigation performance. The two key performance indicators
are: (1) Relative Irrigation Water Use (RIWU) and (2) Total Irrigation Water Productivity (TIWP). We
demonstrate the application of the two indicators to assess water use and productivity of irrigated dairy
farms for the peak irrigation (summer) period of 2015–2016 in the Goulburn-Murray Irrigation District
(GMID) of Victoria. The nominated timeframe for this study was 1 December 2015 to 29 February 2016.

The GMID is located approximately between 35.28◦ S and 35.57◦ S latitudes, and between 143.76◦ E
and 146.11◦ E longitudes in the State of Victoria, Australia (Figure 1). The average annual rainfall
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ranges between 300 and 500 mm with most of this falling during winter (June to August). Summer
(December to February) is generally dry and when supplemental water for crops is most needed. The
region is well known for horticulture and dairy production. Pastures in the study area are mostly a mix
of white clover (Trifolium repens L.) and perennial ryegrass (Lolium perenne L.)
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2. Materials and Methods

The data sets and the processes required to calculate the parameters for the two irrigation
performance indicators (RIWU, TIWP) are summarised in Figure 2. The key data sets included
satellite imagery, daily weather information and irrigation water delivery records. In addition,
pre-existing information on Kc profiles and land use details were also required. Weather information
was downloaded from SILO website [26], including daily measures of maximum temperature,
minimum temperature, rainfall, pan evaporation, solar radiation, vapor pressure, maximum relative
humidity, minimum relative humidity, and FAO56 reference evapotranspiration. Farm water delivery
information was sourced from the Victorian Water Register (VWR) [27]. Land use information on
dairy properties was sourced from the current data set of the Victorian Land Use Information System
(VLUIS) [28], which was based on the property valuation by the state government agency Valuer
General Victoria (VGV). A Water Use Licence (WUL) unit, as defined within the VWR, was taken as
the extent of a dairy farm. Only the larger (20 ha and above) dairy farms (924) have been selected for
this study.
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2.1. Satellite Data

Cloud-free satellite images from Landsat-8 and Sentinel-2A were acquired to represent the summer
season, the period of maximum development of crop canopies in the study area (Table 1). Three sets
of images were required to have a complete spatial coverage over the study area. Sentinel images
were geocoded top-of-atmosphere (TOA) reflectance (Level-1C). Landsat images were converted into
reflectance using standard procedure [29]. Reflectance values of red and near-infrared wavebands
were used to calculate the Normalised Difference Vegetation Index (NDVI):

NDVI = (NIR − R)/(NIR + R) (1)

NIR denotes near-infrared waveband referring to Landsat-8 Band-5 (845–886 nm) and Sentinel-2A
Band-8 (780–910 nm). R denotes red waveband referring to Landsat-8 Band-4 (630–680 nm) and
Sentinel-2A Band-4 (640–690 nm). To maintain consistency, Sentinel NDVI values were converted into
Landsat-equivalent values using a separately established relationship (Figure 3): Y = 0.0862 + 0.9037X.

Table 1. Satellite data used in this study.

Acquisition Date Satellite Scene ID Image Source

28 December 2015 Sentinel-2A T55HBA, T55HBV, T55HCA,
T55HCV, T55HDA and T55HDV https://scihub.copernicus.eu/dhus/

18 January 2016 Landsat-8 094/084 and 094/085 http://earthexplorer.usgs.gov
05 February 2016 Landsat-8 092/085 http://earthexplorer.usgs.gov

2.2. Estimating Irrigation Water Requirement (IWR)

Farm-scale estimates of IWR were made by calculating the additional amounts of water
required to sustain a crop/pasture in an ideal, stress-free condition. IWR was calculated on the
basis of NDVI-dependent crop evapotranspiration (ETc) estimates using ‘short’ crop reference
evapotranspiration (ETo):

https://scihub.copernicus.eu/dhus/
http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov
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ETc = Kc·ETo (2)

For the calculation of ETo, the following equation was used:

ETo = (0.408 D (Rn − G) + g Cn (u2/(T + 273)) (es-ea))/(D + g (1 + Cd u2)) (3)

Here Cn and Cd are constants appropriate to ‘short’ grass. D is the slope of the saturated vapour
pressure curve with respect to temperature, and g is the psychrometric constant. Net radiation (Rn),
soil heat flux (G), D and g were calculated according to methods described by Allen et al. [12].

Kc is the crop- and field-specific ‘crop coefficient’ appropriate to the irrigated field [16]. For the
calculation of Kc the equation shown below (Equation 4) was used. This was developed for pastures
in Australian conditions [30] using information from multiple seasons. The equation was validated for
this study using the ET and NDVI measures from a recent Landsat scene taken over the study area:

Kc = 1.33(NDVI − 0.1); NDVI > 0.2 (4)

Pixels with NDVI below 0.2 were considered as non-active vegetation.

ISPRS Int. J. Geo-Inf. 2017, 6, 239  5 of 13 

 

ETc = Kc·ETo (2) 

For the calculation of ETo, the following equation was used: 

ETo = (0.408 D (Rn − G) + g Cn (u2/(T + 273)) (es-ea))/(D + g (1 + Cd u2)) (3) 

Here Cn and Cd are constants appropriate to ‘short’ grass. D is the slope of the saturated vapour 
pressure curve with respect to temperature, and g is the psychrometric constant. Net radiation (Rn), 
soil heat flux (G), D and g were calculated according to methods described by Allen et al. [12]. 

Kc is the crop- and field-specific ‘crop coefficient’ appropriate to the irrigated field [16]. For the 
calculation of Kc the equation shown below (Equation 4) was used. This was developed for pastures 
in Australian conditions [30] using information from multiple seasons. The equation was validated 
for this study using the ET and NDVI measures from a recent Landsat scene taken over the study 
area: 

Kc = 1.33(NDVI − 0.1); NDVI > 0.2 (4) 

Pixels with NDVI below 0.2 were considered as non-active vegetation. 

 
Figure 3. Inter-sensor NDVI comparison of Landsat-8 and Sentinel-2 using synchronous images of 23 
Sep and 12 December 2016, covering the Goulburn-Murray Irrigation District. 

2.3. NDVI-Dependent Soil Water Balance Estimates of Irrigation Water Requirement 

NDVI-dependent soil water balance calculations were carried out using the standard water 
balance equation below. In the equation, the daily increase in soil-stored water of a given soil 
volume (dS) is attributed to daily rainfall (RF) and irrigation (I). The losses in dS are attributed to 
evapotranspiration (ET), interception evaporation of rainfall from soil and plant surfaces (IE), and 
runoff and deep percolation (R + D): 

dS = (I + RF) − ET − IE − (R + D) (5) 

The increase in soil water on day, i, was calculated as follows: 

S(i+1) = S(i) + dS (6) 

Analyses were conducted on notional volumes of irrigated soil, described by an allowable soil 
water deficit of L [mm]. Following the commonly accepted practice, L was calculated as the product 
of depth of crop root zone (zR) and the readily available soil water content (RAWC) in the root zone 
applicable to the irrigated area: 
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2.3. NDVI-Dependent Soil Water Balance Estimates of Irrigation Water Requirement

NDVI-dependent soil water balance calculations were carried out using the standard water
balance equation below. In the equation, the daily increase in soil-stored water of a given soil
volume (dS) is attributed to daily rainfall (RF) and irrigation (I). The losses in dS are attributed
to evapotranspiration (ET), interception evaporation of rainfall from soil and plant surfaces (IE), and
runoff and deep percolation (R + D):

dS = (I + RF) − ET − IE − (R + D) (5)

The increase in soil water on day, i, was calculated as follows:

S(i+1) = S(i) + dS (6)
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Analyses were conducted on notional volumes of irrigated soil, described by an allowable soil
water deficit of L [mm]. Following the commonly accepted practice, L was calculated as the product
of depth of crop root zone (zR) and the readily available soil water content (RAWC) in the root zone
applicable to the irrigated area:

L = zR·RAWC (7)

Vegetation water use is described by ET, which is equivalent to ETc in the present context, and
was calculated by the standard Equation (2) above.

Irrigation soil water budgets for the summer period (1 December 2015–29 February 2016) were
conducted on the assumption, S = L, on day 1 of the season. Adaptive, “Constant depth, variable
frequency” irrigation events of depth, L [mm], were subsequently triggered on days whenever available
soil water content in the nominal irrigation zone had fallen from the upper limit, S = L, to the lower
limit, S = 0.

Intercepted rainfall, IE, was estimated as Class A pan evaporation (Epan) on days when RF >
Epan, and as RF on days when Epan < RF:

IE = RF; RF < Epan (8a)

IE = Epan; RF > Epan (8b)

Rainfall losses as runoff and/or deep drainage (R + D) resulted when rainfall contributions to S
exceeded the upper storage limit, S = L. In those circumstances, ‘R + D’ was estimated as:

(R + D) = S - L (9)

And S was restored to the upper limit, S = L. IWR was calculated as the sum of the amounts of
water required to replenish S from values, S = 0, to S = L.

Irrigation soil water balances varied with the proportion of vegetation cover (NDVI), through
the effects on Kc (Equation (4)). For this study, analyses were conducted for the field/parcel specific
value(s) of NDVI seen in summer image data. Analyses were also conducted over a range of values of
L (20 mm < L < 50 mm) to investigate the effects of potential combinations of irrigation system/soil
type on estimates of IWR. The value, L = 20 mm, was chosen to represent centre pivot irrigation of
pastures on ‘light’ (i.e., more sandy) soils, and a value, L = 50 mm, was adopted to represent surface
irrigation of pastures grown on ‘medium-heavy’ (i.e., more loamy to clayey) soils. The value, L = 50
mm, was adopted to describe irrigation water use over the study area (Figure 4). Estimates of IWR
(mm) were converted to ML to match the irrigation water delivery units. The general conversion
formula used was: 100 mm = 1 ML/ha.

2.4. Relative Irrigation Water Use (RIWU)

Relative Irrigation Water Use (RIWU) is an irrigation performance indicator describing the practice
of irrigation application at farm level. RIWU was calculated as the ratio of irrigation water supply
(IWS) versus irrigation water requirement:

RIWU = IWS/IWR (10)

This indicator was used as a measure of the ability of irrigators to ensure that the pastures are free
of water stress. A value of 1 RIWU indicates the ideal situation when irrigators apply irrigation water
as per crop/pasture requirement. Over-irrigation is described by RIWU > 1 and under-irrigation is
indicated by RIWU < 1.
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2.5. Total Irrigation Water Productivity (TIWP)

The second irrigation performance indicator presented here is Total Irrigation Water Productivity
(TIWP). This is a composite measure of two ‘continuous’ variables i.e., ‘irrigation application’ and
‘pasture productivity’. For ‘pasture productivity’, NDVI was taken as a measure of yield potential of
pastures on the basis of an established evidence of strong positive relationship between NDVI and
pasture biomass [31]. Pasture productivity thus estimated was compared with the corresponding
measures of RIWU. TIWP is presented here as a categorical measure assessing the pasture productivity
classes (low/medium, high) against irrigation applications (low, optimal, excessive), as shown in
Figure 5. The nominal threshold for the two productivity classes was taken as 0.65 NDVI based on
local field experience. Thresholds for the irrigation intensity classes were taken as 0.5 and 1.5 RIWU on
the basis of local knowledge of irrigation practices in the study area. If irrigators apply less than half
of the required amount of irrigation (IWS/IWR < 0.5), the situation may be called ‘under-irrigation’
classed here as ‘low’. On the other hand, if irrigators apply 50% more irrigation (IWS/IWR > 1.5) than
the required amount, the situation may be considered ‘over-irrigation’, classed here as ‘excessive’.
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3. Results

The majority of dairy farms (i.e., 79%) in the study area had a relatively high vegetation cover in
the summer season of 2015–2016, as denoted by high NDVI range of 0.5–0.7 (Figure 6). There were
some instances (21%) where mean farm-scale NDVI exceeded 0.7. As a consequence, crop/pasture
water requirement varied widely across the farms (Figure 7). Farm-scale IWR varied from a minimum
of about 280 mm to a maximum of about 445 mm. The majority of IWR observations (98%) were in the
range of 300–390 mm.
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3.1. Regional Distribution of Relative Irrigation Water Use (RIWU)

Figure 8 shows a positive relationship between surface water deliveries, and the NDVI-dependent
water balance estimates of irrigation water requirement for the 924 dairy farms (shown by dots)
investigated in this study. A large number of farms were under 200 ML IWR-IWS. The continuous
diagonal line indicates where demand matches supply (IWR = IWS). Farms shown below the diagonal
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line generally indicate that irrigation is less than required, whereas the farms above the diagonal line
indicate that irrigation exceeds requirement. In general, a high RIWU (IWS/IWR) value indicates
a high amount of irrigation water delivered to a given farm as compared to the amount of water
required for the pasture on that farm.

The regional distribution of relative irrigation water use (RIWU, Equation 10) is summarised
in Figure 9. A slightly higher proportion of dairy farms (56%) had RIWU of 1 or less, indicating the
irrigation practice of either matching the requirement or under-watering. The RIWU value range of
0.5–1.5 has been considered here as an optimal level of irrigation practice. The broken diagonal lines in
Figure 8 show the range of optimal irrigation which encompasses about half of the dairy farms (54%).
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3.2. Regional Distribution of Total Irrigation Water Productivity (TIWP)

The regional overview of Total Irrigation Water Productivity (TIWP) on dairy farms during the
peak irrigation season of summer 2015–2016 is presented in Figure 10. Here TIWP categories show
the extent to which irrigators satisfied both productivity potential and water supply prerequisites.
Observations in Figure 10 are summarised in Table 2. It is shown that relatively few dairy farms (3%)
fell in the category of high yield potential with excess water use, and very few (1%) fell in the category
of limited water supply to pastures of high yield potential. A relatively high number of farms fell in
the category where excess water was supplied to pastures of low-medium yield potential (27%), and
farms where water supply compromised pastures with a sub-maximal vegetation status (15%). Almost
half the number of dairy farms (54%) were providing an optimal level of irrigation, of which a larger
proportion (43%) was in the ‘low-medium productivity’ category and a small proportion (11%) in the
‘high productivity’ category (Table 2).

Table 2. Summary of the distribution of dairy farms according to the categories of total irrigation water
productivity (TIWP) in the Goulburn-Murray Irrigation Region.

Pasture Productivity
(NDVI)

Irrigation Intensity (Relative Irrigation Water Use)

Low (Suboptimal) Optimal Excessive (Supra-Optimal) Total

Low-Medium 136 (15%) 398 (43%) 252 (27%) 786 (85%)
High 12 (1%) 97 (11%) 29 (3%) 138 (15%)
Total 148 (16%) 495 (54%) 281 (30%) 924 (100%)
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4. Discussion

This study was undertaken to demonstrate the application of new approaches based on satellite
remote sensing with the aim of improving the measurement, monitoring and understanding of
irrigation water use and water use productivity in regional Victoria, Australia. With a focus on dairy
farms, this case study presents water use and water productivity for a selected season of summer
2015–2016 in the Goulburn-Murray Irrigation District, by combining satellite-based measures with
weather and water delivery information.
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Farm management does have an impact on the health of pasture and sustainability of farm.
However, irrigated dairy pastures in the study area are highly managed. From a sustainability point
of view it is unlikely that farmers allow extensive grazing over the whole farm, or over a large part
of a farm, in one instance. Grazing practices in the region are considered fairly uniform. Therefore,
it is assumed that grazing did not have any significant effect in capturing farm level pasture status by
satellite timing.

The investigation additionally aimed to acquaint potential end-users with the principles, methods
and outputs of the new satellite-based procedures and to demonstrate the ability to address the data
needs of multiple end-users including Catchment Management Authorities (CMAs), water providers
(e.g., Goulburn-Murray Water), government agencies (e.g., DEDJTR, DELWP, MDBA), and irrigators.
Data interests generally extend from those of water suppliers, who place a major emphasis on issues
of supply adequacy (time and quantity), and the spatial uniformity of water supply. Irrigators are
interested in an adequacy of supply consistent with the requirements of pasture/crop and on-farm
production targets. The dual supply/productivity emphasis provided by the present study represents
a key initial step towards meeting the information needs of multiple end-users with a stake in farm
water use and irrigation water productivity.

The summary of outcomes, provided in Table 2 and Figure 10, identified six classes of irrigator
performance based on two categories of productivity potential (i.e., low-medium, high) and three
categories of adequacy of crop/pasture water supply (i.e., low, optimal, excessive). The analysis
did not distinguish between on-farm or off-farm causes of the sub-optimal (low) supply, which
requires further investigation. However, high water use on farms in the supra-optimal supply
categories is potentially attributable to ‘over-enthusiasm’ on the part of irrigators. Alternatively,
irrigators may be using water to compensate for disadvantaged soil conditions (e.g., light soils), which
needs to be further investigated. The analysis otherwise quantifies irrigators whose water use is
consistent with crop requirements (i.e., optimal water users). On- and off-farm water delivery/supply
initiatives should clearly aim to maximise the number of irrigators in the optimal use category. A
farm productivity perspective further requires that most of farmers should be in the category where
optimal water use is combined with a high production potential. In this case, 43% of operators were
found to be in this high productivity/optimal water use category, and 11% of operators were in
the low-medium productivity/optimal water use category. Further investigations are warranted to
determine (1) whether irrigator categories are consistent over time and in different seasonal conditions,
(2) what the reasons are of over- and under-irrigation, and (3) what the factors are to achieve high
productivity with optimal water use.

The satellite-based water balance approach applied in this study, and the two irrigation
performance indicators (RIWU, TIWP) analysed here, provide a diagnostic framework that makes
it possible to investigate the strength of region-specific relationships that describe the dependence
of water use and productivity on-farm (e.g., light/heavy soil types), and/or off-farm factors (e.g.,
local/regional deficiencies in the irrigation supply system).

5. Conclusions

This study has demonstrated the application of Remote Sensing technology, in combination
with weather and water delivery information, to derive two irrigation performance indicators i.e.,
Relative Irrigation Water Use (RIWU) and Total Irrigation Water Productivity (TIWP). About 54% of
dairy farms in the summer of 2015–2016 in the Goulburn-Murray Irrigation District were optimally
irrigated, whereas about 30% farms were over-irrigated. The prospective applications are warranted to
investigate relationships between irrigation performance and variables that include soil types, regional
water supply systems and the dependence of farm productivity on farm management. Such analyses
will assist to clearly identify where significant improvements in efficient irrigation water use can
be achieved.
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This study has described an integrated robust approach to irrigation water use assessment that
addresses the following characteristics:

Accuracy: Utilization of remotely-sensed satellite data sets provides objective assessments on
which to build confidence in the methodology.

Coverage: Presently resource satellites (e.g., Landsat-8, Sentinel-2), national weather agencies
(Bureau of Meteorology, SILO) and water authorities (e.g., Goulburn-Murray Water contributing to
Victorian Water Register) provide sufficient spatial and temporal coverage which is adequate for
irrigation water assessment.

Repeatability: The methodology is repeatable with a high level of confidence which, to a great
extent, is attributed to the provision of consistency and ongoing availability of essential data sets
(satellite, weather and water supply).

Affordability: It is a recent development that all of the information (satellite, weather, water
supply) required for irrigation assessment has been readily accessible and cost-neutral in almost
all instances.
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