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ABSTRACT

The introduction of a large volume of reclaimedleght water for irrigation in the
Northern Adelaide Plains (NAP) horticultural aresshaltered the regional water and salt
balance, raising concerns regarding the effectthege on shallow water table elevation

and root zone salinity in the highly valued andducive soils.

A methodology is described for constructing andbecating numerical models of vertical
fluxes of soil water and solutes to achieve simaifest which match a number of monitored
study sites. Extension of these simulations tem@od of 20 years, and incorporation of
measured soil chemistry variables, enables an eadion of the influence of differing

irrigation strategies and temporal variations inather conditions on year-to-year
variations in soil water fluxes and root zone safinApplication of these models to the
whole NAP horticultural area was achieved usingygtesn of multiple one-dimensional

simulations with variables altered according tdrtpatial distribution.

The results show large temporal variability in dege fluxes beneath irrigated plots.
Fluxes occur mainly in winter, with annual variasodepending primarily on differences
in rainfall distribution and evapotranspiration.nfual drainage flux totals were found to

correlate poorly with annual rainfall totals.

Spatially, drainage fluxes varied both within anetvieen study sites. Simulations of
fluxes at observation points within monitored stitgs varied owing to variations in soil

hydrological properties. Results of the whole-asgaulations suggest that over a larger
scale, the majority of variation in drainage fluxesdue to differences in land use and

irrigation practices, with a smaller but signifitagpatial variation due to differing soil
types.

Additional simulations, representing the NAP priorirrigated horticulture, indicates the
introduction of irrigation has significantly incread drainage fluxes, but that the major
change to the soil water budget in irrigated larehs has been to evaporation from the soil
surface, with significant implications for soil saly development.
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CHAPTER 1: INTRODUCTION

1.1 Wastewater Re-use, Irrigation Drainage, and higation-induced Soil Salinity

on the Northern Adelaide Plains

The Northern Adelaide Plain (NAP), approximately s north of Adelaide in South
Australia, is an area of extensive broadacre hdttice with approximately 3000
hectares of land under irrigation. Crops grownehare predominantly vegetables,
almond trees and grape vines (Figure 1.1). Theahdtdry conditions experienced in
the area for much of the year demand that vegetedolps are heavily irrigated to
maintain a high root zone water content. Irrigatis also used for crop cooling on
particularly hot summer days, and for frost pratectprior to very cold nights in the
winter. The large amount of irrigation that isridfere required for horticultural crops
in this area creates a significant risk of highesabf drainage flux to groundwater.
Careful management of irrigation is critical to yeat 1) excessive drainage fluxes that
may cause a sustained rise in the water table arslitained increases in soil salt

concentrations.

In 1999 a scheme for the re-use of treated waseevagan supplying irrigators on the
NAP with reclaimed tertiary-treated effluent wateym the nearby Bolivar wastewater
treatment plant. In 2004 the scheme supplied aqpedely 14 gigalitres of water per
year to irrigators (Collins, J., 7/7/2005, peranoo.). This has presented water resource
and catchment managers with the challenge of ewgiirstly that the available volume
of reclaimed water is used conservatively to ensusefficient and equitable supply to
all subscribers, and secondly that irrigation drgi water does not cause a sustained
rise in the shallow water tables in the area. @osely, the combination of fairly saline
irrigation water (average 1200 mg/l TDS), high si&i of the shallow groundwater, and
naturally high soil salinity, necessitates the aygpion of sufficient irrigation water to
ensure some leaching of salts through the soillprof

The re-use of urban wastewater for irrigation haagpotential to provide a number of
benefits. Firstly, it provides a way to disposeofiien nutrient-rich treated effluent
water, which may otherwise cause environmental atégron in receiving waters.

Secondly the new water resource provided by thgcted water reduces the need to



exploit groundwater resources for irrigation, thmeglucing draw-down of freshwater
aquifers in the area receiving the recycled watbrigators can be charged for the
supply of the new water, thereby recovering somehef costs of installation and
maintenance of the recycling infrastructure. Al$dhe recycled water is available in
sufficient quantities, then irrigators may be ahdeincrease the area of land under

cultivation and increase agricultural productiorgating associated economic benefits.

The potential benefits of such a scheme are cleenlysiderable. However, the
potential environmental hazards presented by arwatase scheme must be carefully
considered. If the scheme introduces a large velaihadditional water to a given
catchment area, as is the case with the Bolivartemader re-use scheme and the
Northern Adelaide Plains, then the water balancthat area is significantly altered.
The additional water and any salts or contaminamigy contain, may have a profound

effect on the receiving environment.

In areas of flat topography, such as the Northedeldide Plains, there is very little
surface drainage. Water tables are fairly shalkmwhe introduction of large volumes of
recycled water can significantly raise the locatavdables if a large proportion of the
water leaches to groundwater. Conversely, if nufsthe relatively high salinity
recycled water evaporates from the soil root zoen there is a considerable risk of
raising soil salinity in the valuable agricultursbils receiving the water. It is thus
essential to determine appropriate irrigation efy@s to ensure the correct balance

between salinity control and water table rise.

A requirement for research into the hydrologicafees of the reclaimed water
irrigation was initiated in response to evidenceaofising shallow water table and
consequent surface salinisation observed in acediset North of Virginia in October
2001 (Good, 2002). Observations of decline in ahand perennial crops in this area
prompted the digging of observation trenches, ravga water table as close as 0.7m

to the land surface in some places.
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Subsequent investigation by Gerges (2002) via avorkt of fourteen newly-drilled
observation wells into the shallow aquifer, suggeést number of potential reasons for the

rising water table:

1. The area is a natural low point in the surface ¢paphy and would be the first to
be affected by a regional rise in the water table

2. The abnormally wet winter of 2001 and above-averag#all of the past previous

two winters, suggesting the water table rise isfiubg a cyclic or ephemeral event

Poor drainage network management

Potential upward leakage from deeper aquifers

Surplus irrigation water percolating to the watdslé aquifer

Leakage from new dams and /or wetlands in the area

N o g ko

A history of fluctuating water table rise and fdile to abstractions from the deeper
aquifers causing periodic changes in the direatiotme hydraulic gradient between
the water table and the deeper aquifers.

A number of recommendations were made by Gergesuftiner research to provide a
better understanding of the components of the wakmce in this area. Subsequently, a
first approximation of the NAP shallow aquifer wabalances was reported by Gerges and
Kelly (2002). This report identified excess irigaa water (mains, bore and reclaimed
water) as the greatest potential input to the shadlquifer, contributing an estimated 75%
of accessions to the water table. However, theutaion of drainage to groundwater in
this water balance approximation were subject toosgr approximations of
evapotranspiration and run off. Hence, extensivthér research was required into actual
drainage fluxes beneath irrigated land in ordgurtvide a reasonably accurate estimation

of drainage to the shallow aquifer.



1.2 Research Objectives

In view of the issues present above and the oppitida presented by hydrologic models
to provide greater understanding and improved dfi@atton of soil water and salt fluxes
in an irrigated setting, the research project presk here was conducted with the

following objectives:

1) Through field studies within the NAP, develop a mpitative understanding of
fluxes of water and salt draining beneath irrigattweas with different land use
types and irrigation management practices.

2) Develop models that predict vertical water and #iakes at a number of field
study sites in the NAP. Calibrate and verify thesmdels with measurements
of soil water, soil salinity and leachate quanéitd quality beneath a variety of
crops that are typical of those grown in this area.

3) Through integration with geographic information teyss, expand the one-
dimensional soil water flux models to enable predits on catchment scale,
thereby providing a generic predictive tool to itlgnareas with large excess
drainage fluxes and/or high risk of soil salinitger.

4) Apply these GIS-integrated models to assess immdidtsigation management
practices on drainage fluxes and soil salinity dmw@ent on plot and

catchment scales.

5) Develop irrigation strategies that minimise the woé of drainage to

groundwater while avoiding a sustained rise in salinity.

1.3 Rationale for the Modelling Approach

The variety of land uses on the NAP makes the dfiGation of drainage fluxes over the
whole region a complex task. The first steps imeajuantifying drainage to groundwater
beneath the land use categories that occupy thgedtitand area and/or use the largest
volumes of water. These are various types ofatdd horticulture. Direct measurements
of irrigation drainage flux are impractical, fingtbecause of the difficulty in capturing or
monitoring downward flux, and secondly becausehef\ariability of flux from one point

to another. There are two problems therefore &ranme: firstly how to determine the

vertical water flux between the land surface aral water table and secondly, how to



determine the variation of this flux according tiffetent soil types, crop types, surface

topography and irrigation practices.

The NAP is an area of almost uniformly flat topqgrg with a small number of different
soil types that are fairly uniformly distributedrass the area by alluvial and aeolian
deposition. It is posited that, in an area witkhstopographic and pedologic uniformity,
the net downward flux of water and dissolved stilteugh the unsaturated (vadose) zone
to the water table beneath an irrigated plot odl@an be quantified using numerical
models based on well-established principles of tumated soil water flow and soil
solution chemistry, which could include ion exchamyocesses. Ideally such models are
constructed and calibrated using measurementsilofvater retention characteristics and
hydraulic conductivity of the soil profile at a nber of points within the study area.
Measured rainfall, irrigation, evapotranspiratiodarop cover conditions, monitored for a
year or more may then provide input data for thié water flux model relating to each
monitored location. Once a soil water flux modsgl dorrectly calibrated so that its
predictions of soil water contents and drainagedtucompare well to measured values,
the effects of differing irrigation management pi@es on soil drainage fluxes can be
simulated. Thus improved irrigation schedulingimegs can be proposed that minimise
excess drainage fluxes and thereby reduce localisger table rises and soil salinisation

risks.

Regional estimates of flux to the water table maydbtained by completing similar
analyses on several plots that are representativikeomajor land use categories of the
region and combining the one-dimensional flux medeith a geographic information
system (GIS). The GIS allows the parameterisatiba large area by creating separate
thematic maps for each of the variables that atfeetsoil water balance. By overlaying
different thematic maps, all sub-parcels of landrsty common values for each parameter
used may be identified. Integration of the onedatisional soil water transport model with
the GIS then allows soil water flux volumes to ladécalated for each set of similar land
parcels. Thus an assessment of fluxes to grouedwsatoss a large area can be achieved

and management policies for irrigators and catchmmeamagers may be developed.



1.4 Why Not Simply Make Direct Measurements of SbWater and Salt Fluxes?

On a timescale of years, the net drainage flux &énan irrigated horticultural plot is

simply the difference between the sum of irrigatsord rain water volume and the sum of
evapotranspiration (ET), surface runoff and latettaloughflow. In an area with

predominantly flat topography, surface runoff maynegligible such that drainage flux to
groundwater over annual timescales is the differebetween the total water quantity
(irrigation and rainfall) and ET. However, thismains a difficult calculation due to the
difficulty of measuring or accurately estimating .ETAs drainage is usually a small
fraction of the water applied to the soil surfased ET a large fraction, small errors in ET

estimation result in large errors in drainage estés.

ET calculations in realistic and varying field car@hs tend to have a large margin of
error because of the number of dynamic parameteavied in their calculation. As a
result, the calculation of water fluxes to grountkvaby subtracting ET from total
precipitation is inherently very inaccurate, bee@atlsee margin of error in ET estimates is

large compared to the net flux to groundwater (@& Hillel, 1988; Scanlon et al., 1997).

Direct measurements of drainage fluxes are alsp difficult. Lysimeters are commonly
used to collect samples of water draining througloibprofile for the analysis of leachate
quality, and sometimes to measure volumes of wdtaining. However, all lysimeters
have one or more significant limitations. A contienal drainage lysimeter is simply a
box or cylinder that contains a representative mawf soil with a collection chamber at
its base into which water leaching through the soilects and can be withdrawn for
measurement or analysis. For the measurementaochdée volumes, all free-drainage
lysimeters are compromised by the need to crediscantinuity at some depth in the soil
profile in order to incorporate a horizontal sudaat which leachate may drain into the
collection chamber. This prevents the normal fldwvater downwards under the effect of
a matric potential gradient and means that wat#dromly drain into the lysimeter under
gravity, for which the soil must be at, or closegaturation. Hence, the unsaturated flow
of water through the soil is interrupted and trecteate collected by the lysimeter will only
be a proportion of the normal downward flux throulga soil profile. Many studies report
low and variable leachate collection efficiencies free drainage lysimeters (Parizek and
Lane, 1970; Haines et al., 1982; Radulovich andir$011987; Jemison and Fox, 1992).
For example, Jemison and Fox (1992) tested theatadh efficiency of free drainage pan



lysimeters and found an average efficiency of 52fhiw a range of efficiencies from 13
to 92%.

Tension lysimeters, including porous ceramic suctap samplers, overcome the matric
suction of the sampled soil by applying a suctiontite lysimeter’'s collection surface.
However, the applied suction firstly creates arfieidl potential gradient between the
lysimeter and the soil and, secondly, draws watemfan unknown volume of soil such
that realistic leachate flux volumes can not bewated. These problems led van der
Ploeg and Beese (1977) to conclude that there igsedul relationship between freely
percolating soil water and the amount of soil wabetracted by tension and ceramic cup
lysimeters. Cochran et al. (1970) recommendedusiee of tension lysimeters only for

monitoring changes in water quality with respedinte.

Weighing lysimeters, which allow measurements ef thanges over time in the mass of
the contained soil and plants, provide an effectvag to measure ET. Over a given time
period, the difference between the initial masshef lysimeter plus the mass of water
applied, and the final mass plus the mass of ldachallected is the mass of water
evaporated and transpired. These are also sulge¢he lower boundary condition
discussed above, such that the amount of plantadl@iwater may differ to that in normal
field conditions.The use of weighing lysimeters in field conditiaadimited by the high
cost of this type of lysimeter, and by operatioddficulties in many agricultural field

settings.

1.5 Soil Hydrology Modelling
1.5.1 Opportunities presented by numerical modelsfaoil hydrology

The factors that determine the drainage flux bdneafricultural land include rainfall,

irrigation, soil profile type, soil surface conditi (e.g. tilled soil), topography, crop types,
crop cover fraction, and evaporation conditions: t@mperature, wind speed, solar
radiation and humidity. These can all be incorfemainto models that estimate how
drainage fluxes vary according to the combinatidntloese parameters within the
prevailing weather conditions, and the crop typegation types and soil types present.
Models can be calibrated using in-field measuremehnsoil water contents such that they
estimate the soil water drainage fluxes measurea atimber of monitored sites to an

acceptable degree of accuracy.



A number of numerical models are available to sateilthe movement of water and
solutes in unsaturated media and the applicatiothe$e is demonstrated in numerous
research papers. Research is generally aimedmatiading subsurface water fluxes to
provide information for the better management oigyation, either to preserve limited

groundwater resources or to minimise accessiosldtlow groundwater.

Process-based soil water transport models suchEACHM (Leaching Estimation And
CHemistry Model) (Wagenet and Hutson, 1987) sinesldhe vertical movement of water
through the soil profile in response to water aggilons and ET conditions. It provides an
additional benefit to a simple daily water-ET balarbecause actual evapotranspiration
(ETa) is restricted if soil water becomes limitédtee soil surface or in the root zone and
can not supply the volume of water that would bsuased in a calculation of ETa based
on reference potential ET and crop factors. ThesHTa calculated within the model does
not rely on the assumption that there is a unifeupply of water to be evaporated or

transpired.

Importantly, the LEACHM model predicts the soil watcontents and soil matric
potentials within each layer of the modelled sodfipe that result from the combination of
processes of infiltration and ET and vertical watesvement through the soil profile due
to hydraulic potential differences. This featureoyddes an opportunity to calibrate
simulations of a particular soil profile. If theoadhel correctly estimates the ETa and the
rate of vertical movement of water between lay&entthe predicted changes in water
content and matric potential in each segment shmdtth the changes observed in the
monitored soil profile. Thus the model may be lmaied and verified against
measurements of water content or matric potentialraumber of depths in the soil. If the
predicted changes in potential at two or more depththe modelled soil profile are in
agreement with the observed changes, a degreentifience is provided in the accuracy
of the prediction of water movement between depfhsis approach to model verification
was demonstrated by Close et al. (1999) and Saeghah (2005), who used soil water
content measurements to verify the soil water prarispredictions of models of pesticide
leaching after the soil hydrologic variables usedtiie models had been determined

experimentally.

A similar calculation of drainage fluxes could bede from historic data of potential
differences between two points in depth and an turet@d hydraulic conductivity

function. However, such a calculation providesyanhistoric estimate of fluxes, whereas



a suitably calibrated model allows the predictidéfiwxes under future conditions in which
water applications and ET conditions may be difiereo those during the monitored

period.

A study by Ahmad et al. (2002) used the numericaddeh SWAP (Soil-Water-
Atmosphere-Plant) to compute vertical soil watexdés in the unsaturated zone beneath a
cotton/wheat and rice/wheat cropping system in$aki The results of the model showed
significant accessions to the water table due todoegynward annual flux of soil water
induced by over-irrigation, such that the authomrevable to make estimates of the
required reduction in irrigation required to balanannual water table recharge with

groundwater extractions for irrigation.

Wahba et al. (2002) tested the effectiveness ohtbdel DRAINMOD-S (Kandil, 1992)
for predicting water table depth fluctuations irspense to different irrigation drainage
management scenarios and to evaluate the effeegesf subsurface drainage as a way to
manage the water table depth beneath an irrigagdd. f The DRAINMOD-S model
extends the capabilities of DRAINMOD (Skaggs, 1918) include solute transport
modelling. The DRAINMOD model uses a simplifiedtesabalance approach, simulating
water flow in irrigated soil with a shallow wateabie in order to predict the depth of the
water table and the water content of the soil abthe water table in response to
hydrologic components of infiltration and evaposjination given differing surface and
subsurface drainage scenarios. The accuracy ohtigel output was tested by comparing
measured water table depths and tile drain outflolumes with the model’s predictions.
In doing this, the study highlighted an importamtigdation test, which is the model’s
ability to accurately predict fluxes using modelgraeters that are calibrated using data
not from that year.

Several soil water transport models, including LEML, MACRO (Jarvis, 1994),
NCSWAP (Molina and Richards 1984), SLIM (Addiscettal. 1986) and SOIL (Jansson,
1991), were evaluated by Jabro et al. (1998) andfoaind to provide reasonable
predictions of water drainage fluxes under irrigateaize crops Statistical analyses of
predicted and measured drainage fluxes at 1.2nhdegicated that all five of the models
tested made reasonable predictions and were abdedarately predict drainage fluxes
without the need to re-calibrate the model for egedr (Jabro, 1998).
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More recently the vadose zone model HYDRUS (Simuektlal. 1999) has become a
standard (at least in Australia) for 1- and 2-disienal modelling of water and chemical
fluxes in variably saturated soil conditions. Hoee only the most recent version of this
software allows sufficient control of temporal \&ions in crop/vegetation and surface
evaporation conditions to undertake the modellask trequired in this study. This version

of HYDRUS was not available during the period inieththis study was conducted.

1.5.2 Underlying principles of soil hydrology modelling

The primary soil properties that affect the flowwdter through a soil are its hydraulic
conductivity and its water retention characteristibie ability to store and release water.
Hydraulic conductivity is at a maximum when thel s®isaturated, and decreases in a non-

linear relationship to the soil water content.

Particle size, and size distribution, are key testh properties as they are the primary
controller of a soil's porosity and distribution pbre sizes. Pore size distribution largely
affects the shape of a soil water retention charestic curve. Morphological properties,
such as bulk density, organic matter content aayg ttpe of a soil also have significant

effects on a soil’s ability to store and transméter.

The water retention curve of a soil depicts thatrehship between the soil water content
and the soil suction or matric potential. The megbotential is the pressure of soil water
relative to ambient atmospheric pressure, whiaefmed as zero. The capillary attraction
is greater in smaller pores, and the hydraulic ootidity lower, such that as water is
drawn out of a soil (such as under a hydraulic peaegradient), the larger pores release
water first, followed by smaller pores under susoedy higher potential differences
between the pore and the lower-potential surrouhdimvironment. Thus the ability of soill
to hold or release water is dependent on the sstglaition of pores that are in differing
states of saturation. For any given soil, the mapotential follows a non-linear
relationship to its water content, depicted bynitger retention curve. There is a hysteresis
effect between the wetting and drying of a soile dao the entrapment of air between
different sized pores when wetting. This effeaises a difference between water retention

curves followed when a soil is wetting or drying.

A number of models are available to describe tlapslof the water retention curve for a
soil. The most commonly used are those develogedhh Genuchten (1980), Campbell
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(1974) and Brooks and Corey (1964). The van Gaeuacmodel allows the whole water

retention curve to be described, whereas the Caingie Brooks and Corey models do

not describe the ‘wet’ end of the curve at matateptial values greater than the air entry
value. Modfications which provide this were delsed by Clapp and Hornberger (1978)
and Hutson and Cass (1987).

A soil's hydraulic conductivity is a measure of ibility to transmit water along a
hydraulic potential gradient. In a saturated siod hydraulic conductivity is affected by
the total porosity, pore size distribution and pooatinuity, as well as by the density and
viscosity of the water transmitted. In unsaturased, as the saturation state drops, the
hydraulic conductivity falls below the saturateddhgulic conductivity and follows a non-

linear function of the soil water content.

The curves followed by the soil retention charaster and unsaturated hydraulic
conductivity of a soil are related by the partieled pore size distributions. The water
retention characteristic models of van Genuchteamgbell and Brookes and Corey have
corresponding models for hydraulic conductivity wgome common parameter values
used in both models for a given soil.

The slope of the water retention curve at any padr water content,68ddh,,, is referred to
as the differential water capacity, denotedJ(hThe vertical flow rate of water between
two depths in the soil is dependent on the hydtaatinductivity of the soil and the
difference in the sum of gravitational potentiablanatric pressure potential between the
two depths. If K(h) and C(h}) are known for a range of values@ht several depths in
the soil profile, then by continuously monitorirfietvalue of j or 6 at those depths, the

flow rate of water through the soil at each momtbdepth can be calculated.

Richards’s 1931 extension of Darcy’s law to form equation for the flow of water in
unsaturated media provides the basis for the madedf soil water movement.
00 _

0 oH .
oK Equation 1.1
ot 02( 02) (Eq )

(Richards, 1931)

The Richards equation is a non-linear partial défifdial equation of vertical flow in
unsaturated soil. The equation has two dependambles,8 (volumetric water content)

and H (total hydraulic potential, equal to the sofmmatric potential and gravitational
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potential). By including C() in the left hand side of the equation, we redineenumber

of dependent variables to one.

oh 9, oH .
C(h)— =-" (K21 E t 1.2
(h,) p az( az) (Equation 1.2)

In a numerical finite difference model the gravdgaal component of the total head is
known at each spatial interval and the independantbles becom® and h, (matric
potential). If i, is determined as a function @by one of the water retention models cited
above, changes i over time at each spatial interval can be modediecbrding to time-

varying conditions at the model boundaries.

The main principles of modelling soil water in thesaturated zone are summarised by
Feddes et al. (1988), who describe how to applymerical solution to the Richards
equation by the finite difference method, enabloaognputerised modelling of soil water
flow if appropriate boundary conditions are appliedd appropriate water input and

climate data are available.

1.5.3 Laboratory methods for measuring soil hydraulic chaacteristics

Laboratory based methods allow a wide range ofimpatentials to be contrived within a

soil sample such that the soil water content ah ragd low matric potentials can be

measured in order to construct soil water retentiomves that extend to —1500 kPa. This is
considered to be the wilting point or limit for ptawater uptake (Briggs, 1912). Gas
pressure devices developed by S.J. Richards (1&39)L.A. Richards (1949) allow the

soil water content / matric potential relationsh@ be measured below —-100 kPa by
applying a pressure to a gas chamber containingdtheample. The soil sample is placed
on, and in hydraulic contact with, a ceramic ofudeke acetate membrane that, when wet,
will conduct water but remain saturated. When swes is applied to the chamber, soil
water will flow across the membrane, since the loawgface is at atmospheric pressure.
Water will continue to pass from the soil througke thembrane until the matric suction in
the soil is equivalent (but negative) to the pneticnpressure applied to the chamber.
Incremental water volumes are recorded, and alesehit water content is measured when

the soil is removed from the chamber (Marshall Hotmes 1979).

Measurement of saturated hydraulic conductivitysioit samples is conducted routinely in

the laboratory using fixed- or falling-head perme#en apparatus. Measurement of
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unsaturated hydraulic conductivity, denotedKdr K(hy,), is somewhat more difficult. A
laboratory-based method for the measurement ofturadad hydraulic conductivity, 1€§,

is described by Klute (1965). Using pressure agflaratus, the outflow rate of water from
a single soil sample is measured. The outflow maasurement allows calculation of the
soil water diffusivity at the pressure applied e sample in the cell. Diffusivity, BY is
related to K@) by the relationship ) = K(8)/C(B), where C@) is the differential water
capacity, equal to the ratio oB/dh, or the slope of the water retention curve. By
increasing the pressure applied to the cell inemants, a range of B)values can be
calculated at a range of pressure potentials. IBy monitoring the volume of water
expelled from the soil at each pressure increasatar retention curve is constructed and

C(8) values are determined, thusdK€an be calculated for each@{alue measured.

1.5.4 Methods of measuring in-field soil hydrologic varidles

For soil hydrology models to be representativei@fifconditions they must be calibrated
and/or validated using field measurements of sailewcontents. The models can then be
applied to the other combinations of soil type,dianop cover, and irrigation that exist
among the various land uses in the NAP. The daqaired for this exercise requires a
number of study sites in which the water appliedigation and rainfall), weather
conditions, crop type and crop cover percentagewsder content and soil water potential

are closely monitored.

In-situ soil matric potentials can be measured using temsiers. Developed by Richards
and Gardner (1936) after earlier work on retentamad movement of water in soil by
Buckingham (1907), tensiometers are a simple andclost way to measure soil matric
potentials in the field at a variety of depths, hawve some significant limitations. As
matric potential decreases towards -100 kPa, thespre in the tensiometer drops to that at
which the water in the tensiometer will boil at itggd ambient temperatures, causing the
water column in the tensiometer to break. Theulseihge of the tensiometer is thereby
limited to about —85 kPa matric potential. At thistential in sandy soils not much water
is left in the soil, however in clay soils much the water remains available for plants
below the —85 kPa matric potential (Veihmeyer amshdttickson, 1927). The response of

a tensiometer to rapid change in the water comtktite soil is determined by the area and
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conductivity of the ceramic cup and the sensitivfythe vacuum gauge used with the

tensiometer.

Drainage lysimeters provide a way to collect wd¢aching through a profile, either for
measurement of leachate volumes or to collect sssvgfl leachate for analysis. However,
as discussed earlier, they suffer poor leachatkeatmn efficiencies. In an effort to
overcome these problems, Holder et al. (1991) dgesl the capillary-wick lysimeter.
This is a variation on the pan lysimeter, installgdthe base of a soil profile, with a
collection of fibreglass wicks that conduct watemf the collection plate of the lysimeter
and into a collection chamber. The vertical lengftithe wicks creates a hanging column
of water below the collection plate, thus creatntggnsion to draw water from the base of
the soil profile in unsaturated conditions. Thesien created is equivalent to the vertical
length of the wick beneath the collection surfese|f the wick extends of 0.5m below the
collection surface, the tension created at theecttin surface will be approximately -5
kPa. Hence water will drain into the collectiorttiovia the hanging wicks whenever the
soil water potential is above -5 kPa. The colteckfficiency of this type of lysimeter was
tested by Zhu et al. (2002) and compared with tHeiency of zero-tension pan
lysimeters. In that study, the capillary wick lysters were found to collect on average
2.7 times more leachate than the zero tension bigirs and, over a 4—year period had a

collection efficiency much greater than the zensten pan lysimeters.

The construction of the capillary wick lysimeterdisscribed by Holder et al. (1991), while
Knutson et al. (1993) describe how to prepare fjlargs wicks for use in these lysimeters

to ensure good hydraulic conductivity of the wicks.

1.5.5 Measurement or estimation of evapotranspiration

Evapotranspiration is commonly estimated using afereace or potential

evapotranspiration (ETo or ETp) for a given timeiqe and multiplying this by a factor

related to the existing plant cover conditions &iedmine the actual evapotranspiration
(ETa). The potential ET may be based on the ewaijpor of an open pan of water or on a
reference vegetated surface against which the pattdfil formula has been calibrated.
The latter approach, using the Penman-Monteith ddamo determine a reference
evapotranspiration, ETo, for an ideal well-wateggdss reference surface, is commonly
used for the purposes of calculating agriculturapovater use. This method is commonly

15



applied in accordance with the guidelines of thed=and Agriculture Organisation of the
United Nations Irrigation and Drainage Paper 56 QFB6) (Allen et al., 1998). These
guidelines recommend categories of crop developmantial, middle, and end.
Recommended crop coefficients for each crop tyferdior each of these categories to
reflect different stages of crop cover through life of the crop. Values of these crop
coefficients are derived from measurements of #tie of ETa to Penman-Monteith ETo
for sample crops in experimental settings (Allen989 This approach makes no
allowance for different crop cover development gatieat may occur from one site to
another due to different weather patterns, seegiatjerns, and rates of fertiliser
application. There is also no allowance for difigrwater availability at the soil surface.
If a soil surface is kept wet by frequent irrigatiapplications for the majority of the time,
considerably more water may evaporate than if aefowurface moisture level is
maintained by more infrequent irrigation, such ttiet soil surface is sometimes dry and
surface evaporation is restricted. With the FAOP#hman-Monteith approach, the ETa
calculated for one irrigation management strategyio different to that calculated for

another.

The FAO 56 recommendations are necessarily vergrgésed in order that they can be
applied by a variety of users and do not demandifspeneasures of water availability and
crop cover fraction, which would place a greaterdea of data collection on the user.
Such an approach to determine the ET componertteofvater balance in a model may
result in a poor estimate of the vertical soil wdtax. A better estimation of ETa is
required, ideally one that is dynamically relatedbbth the crop cover fraction and the

availability of water at the soil surface and ie tioot zone.

A suitably constructed soil water flux model incorgtes reference evapotranspiration
potential as a time-varying input and can calcuéateactual ET flux within each time step
according to the leaf area or crop cover Hralavailability of water to plant roots or at the
soil surface. The relationship of actual ET to thkerence ET can then be calibrated such
that water remaining within the soil correlateshamtieasured values. In this way the actual
ET estimated within each time step can be maddatsen® variations in water available
and provides a much more accurate estimation of th&ia the simple combination of

reference ET and crop coefficients.
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1.6 Extending Models to Regional Studies: Dealingith Spatial Variability

A regional estimate of soil water flux to the watable may be estimated by constructing
one-dimensional flux models for several plots @&t representative of the major land use
categories of the area and integrating these mad#éisa geographic information system
(GIS). The GIS allows the parameterisation ofrgdaarea by creating separate thematic
maps for each parameter. By overlaying differéeitatic maps, all sub-parcels of land
sharing common values for each parameter used malehtified. Integration of the one-
dimensional soil water transport model with the &18n allows an areal soil water flux to

be calculated for each set of similar land parcels.

A significant problem faced in the estimation ofidiage fluxes on the scale of a whole
catchment is in determining the spatial variabilify the soil hydraulic characteristics.
Bosch and West (1998) demonstrated a methodologyhigh to quantify this variability
on the scale of a single paddock and between twldquks with similar loamy-sand soil
profiles. Their statistical analysis of saturategiraulic conductivity (Ks) values at 28
locations and at 4 depths across each plot indicatiarge range of Ks values within a
single plot and soil type. However, their analyaso showed that below the surface soil
layers of 0 — 20 cm depth, which were often moditiy agricultural processes, there was
good spatial correlation of Ks, and that differesndge conductivity were not random
spatially in depth or horizontally. This spatiarelation was found to be sufficient for
geostatistical techniques such as kriging to bel usepredict or interpolate hydraulic
characteristics between spatially separated paintghich hydraulic characteristics have

been measured.

A study by Li et al. (1999) used a stochastic apping using probability distribution
matrices to characterise the vertical spatial varig of soil textural profiles in a research
region. This method was applied to a 15%karea of alluvial soils in northern China to
provide variability characterisation to be usedairiield water balance evaluation. The
results of their field water balance model, baseddata derived from the processing of
field data through their probability matrix modélustrated that large differences in the
magnitude of field water transport variables odeetween different soil profiles within a
fairly uniform area of alluvial soils. These fimgis suggest a need for a large number of
soil profiles to be characterised from field ddtéhe field water balance across a region
such as this is to be accurately represented.
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However, the study by Li et al. only addressedatams in soil hydrologic properties.

The actual variation in soil water flux may be doated by the variation of other factors
across a region, such as land use, crop typeatiwig method and ET contributors.
Clearly it is important when characterising thetiat soil water fluxes over the scale of a
field or region to understand how one-dimensiohat Eimulations at a single point may
vary over a large area which may exhibit consideraipatial variation of several of the

factors that affect these fluxes.

The use of geographical information systems (Gifsg¢grated with hydrological models
has been trialed by a number of authors (e.g.,-ddeRd Ramos, 2001; Romanowicz and
Bevan, 1993; Utset and Borroto, 2001; Wang and Z204), providing a guide to possible
methodologies. These attempt to make predictidrisydrological and/or soil chemical
fluxes over a large heterogeneous area, over wthiereffects of hydrologic differences
may be minor compared to other factors in contigllisoil water drainage fluxes.
Typically, these are based on a database of sparameters (such as soil types,
topography, land use) and a hydrological model gnatesses these parameters together

with dynamic climate and irrigation variables.

The influence of variables other than the soil loyalyic parameters is demonstrated in a
study by dePaz and Ramos (2001). In this, the watkr transport model GLEAMS

(Leonard et al., 1987) was linked with a GIS todete nitrate leaching under vegetable
crops and citrus trees over the scale of a whdiehogent with varying agricultural land

uses and differing management practices. Thehgdilology sub-model in GLEAMS is a

fairly simple ‘tipping bucket’ type of model, usiregwater balance between water applied
(rain and irrigation) and potential evapotranspiratconditions and assuming piston flow
of soil water above a given field capacity. Hensa] hydrologic parameters and their
spatial variability were not fully quantified, hower nitrate leaching values predicted by
the model were found to show a good agreement mghsured values over a one-year

monitoring period.

In a further development of the use of integratd8/8/drological model arrangements,
Utset and Borroto (2001) used the SWAP model tdiptavater table changes in response
to the introduction of a major new source of irtiga water, and then went on to create
maps of increased soil salinisation under the coetbieffects of the newly-introduced
irrigation water and regional warming as predicbgda separate climate change model.

Their assessment used estimated soil hydrauliceptiep based on a pedotransfer function
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and published soil data. The SWAP model predigtater table rises in the study area
using the estimated soil hydraulic properties aaitydET, irrigation and rainfall data. This
study by Utset and Boroto is in many ways simitathe requirements of the project for
the Northern Adelaide Plains although relying tgraater extent on estimates rather than
data collected in the field. The predictions of tBWAP model were not calibrated or
cross-checked against field data and the authdrsoadedge that their study has a mainly
methodological value.

The studies summarised above demonstrate theywfltombining soil hydrologic models
with GIS to provide a distributed model of soil eatand chemical flux. The research
described in this thesis draws from the experiasfcdese and other earlier studies. The
application of the LEACHM hydrochemistry model antegration with Arc GIS to create
a distributed model structure is demonstratedwatig a prediction of vertical fluxes of
water and salt over the large and spatially hetregus area of the NAP. Furthermore the
distributed model allows the testing of a numberlaid and irrigation management
scenarios to determine the sustainability of aetgrof management policies applied to

horticultural irrigation activities in the area.
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CHAPTER 2: FIELD AND LABORATORY METHODS

2.1 Study Area

The Northern Adelaide Plains (NAP) covers an ared@5® knf and forms part of the

Adelaide Plains sub-basin, in turn part of the 8tcént Basin. The majority of literature
describing the hydrogeology of the area is by Ge(d999, 2001). The basin is formed
from Tertiary and Quaternary sediments up to 60kt overlying a Precambrian

fractured rock basement. The Quaternary sedingamiain up to six aquifers but in most
areas contain four. Tertiary sediments containoufpur aquifers, designated T1, T2, T3,
T4 in order of increasing depth. Ephemeral water®es on the NAP include the Gawler

and Little Para Rivers and several small creeksgim the Adelaide Hills (Gerges 2001).

The area is a broad coastal plain with alluvialss@ommonly with a sandy loam top soill
of 20 — 50 cm depth overlying a calcareous clayssilb The area has a Mediterranean
climate, with hot dry summers and cool wet wintefsnual rainfall averages 420 mm/y.
Depth to the water table varies across the area &pproximately 1.5 m to 12 m with
seasonal fluctuations of up to approximately 0.®lmserved in areas where water table
depths are monitored (Northern Adelaide and Bar@84vIB, 2004). In many places
horticultural crops are grown on land with shalleater tables of 1.5 — 3 m depth.

The NAP has approximately 3000 ha of irrigated ibolture, for which water has
traditionally been extracted from the top of thead T2 aquifers via approximately 1200
wells. Prior to 1999, approximately 3500 ML/y wadracted from T1 and 13500-14000
ML/y from T2. Extraction from T2 aquifer is mainlg the Virginia and Angle Vale area
while extraction from the T1 aquifer is mainly fraimee areas in the southern part of the
plain. An estimated 500 ML/y is also extractechirthe Quaternary aquifers. The highest
use of groundwater is in the summer irrigation sedsom November to January (Gerges
2001). Total licensed bore water allocation in AP in 2002 was 26,500 ML/yr. While
average annual bore water use is 17-18000 ML/ytp#1000 ML/yr is used in dry years.
At this rate of extraction, groundwater is beinghed, with an annual recharge of the T1
and T2 aquifers estimated to be between 6-10 G(Garges, 1999). This over use of
groundwater resulted in a significant decline iougrdwater head levels and subsequent
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decline in water quality to the extent that grouathv in some areas became unsuitable for

irrigation of horticultural crops (Stevens, 2002).

In 1999 a water reclamation and reticulation schemae commissioned to supply more
than 200 growers in the NAP area with Class-A iewa water, suitable for unrestricted
crop irrigation. Tertiary treated effluent watesrh the Bolivar wastewater treatment plant
is delivered by the Virginia Pipeline Scheme (VP3he reclaimed water was taken up
enthusiatically by irrigators and the amount ofevatupplied by the pipeline has increased
rapidly in the six years following the commissioginf the pipeline. Water volumes
delivered by VPS from 1999 to 2004 were:

Yr Sept.1999 — Sept. 2000: 4.1 GL

Yr Sept. 2000 — Sept. 2001.: 7.9 GL

Yr Sept. 2001 — Sept. 2002: 8.5 GL

Yr Sept. 2002 — Sept. 2003 9.1GL

Yr Sept. 2003 — Sept. 2004 12.0 GL

Yr Sept. 2003 — Sept. 2004 14.0 GL (estimathy, 2005)

(J.Collins, pers. Comm. July, 2005).

Although groundwater extractions have reduced asemmeclaimed water has become
available, these reductions amount to less thaaddéional volume of water supplied via
the Virginia Pipeline Scheme. Rather than sim@glacing extraction of groundwater
from the T1 and T2 aquifers, the availability oé tadditional water has led to an increase
in the amount of land under irrigation. Hence tibtal amount of water used for irrigation

in the area increased over the six year period f1689-2005.

2.2 Data requirements

The field work program was designed to provide datathe several variables that
influence drainage fluxes under irrigated hortiotdt crops. These were required from
study sites that represent the various irrigatmop and soil most commonly utilised by
horticulturalists in the NAP. By selecting studtes with differing crops, soil types, and
irrigation methods, approriate models can be deeslothat combine a number of
variables with different values to represent thenynaombinations of crop, soil, and
irrigation type that exist in the NAP area. Whaldarge number of study sites would be

ideal, the monitoring requirements at each site @gmificant, hence the number of
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monitored sites had to be kept to an economicaimuim. The data required for the
hydrological models necessitated a number of stiths in which the water applied
(irrigation and rainfall), weather conditions, créype and crop cover percentage, soil
moisture content and soil water potential are ¢josenitored. These sites were required
to be irrigated agricultural plots that are repnéave of the most common agricultural

practices, crop types and soil types in the area.

As the net vertical water and salt flux was simedatising version 4 of the LEACHM
model (Hutson, 2003). Continuous records of ity rainfall, reference
evapotranspiration (based on temperature, humidityg speed and solar radiation data)
and crop cover are required to provide input datdné model. Regular measurements of

soil moisture content and water potential are usezhlibrate the model.

At the study sites identified, the aim of the fielwbnitoring activities was to generate the

following data:

1. Records of soil water content and/or soil matriteptal at several depths in the

soil profile to a depth of up to 1.5m over the ntored time period.

2. Records of rainfall and irrigation water appliedtihe crops at study sites over the

monitored time period.

3. Weather data including all parameters required EQdr calculation using the

Penman-Monteith method, monitored within the lo@dleach monitored plot.

4. Records of crop types present and crop cover naabver the monitored time

period.

5. Salinity and, where possible, volumes of leachaténthg beneath the root zone in

monitored plots.
6. Records of water table depth fluctuation over tlumitored time period.

7. One-off measurements of soil water retention curaed unsaturated hydraulic
conductivity at a fixed soil matric potential fooissamples at depths where soill

matric potential is monitored at each study site.
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2.3 Field Data Collection
2.3.1 Selection of study sites

A variety of agriculture types are in use across orthern Adelaide Plains. Since a
monitoring program for all agriculture types was poactical within the scope of this
project, it was necessary to select a small subketgriculture types to represent the
broadacre practices within the area. The mosintdaeduse map of the area (Hogan and
Scott, 1999) shows that, of the agricultural lamdunsthe area, broadacre vegetables make
up the highest proportion of irrigated agriculture@jth tree crops, vineyards and
glasshouse/shadehouse horticulture making up theritgaof the remaining irrigated

agriculture.

Grazing and cereal crops represent a large paheoégricultural land area, but these are
assumed to be un-irrigated. The year-round mangoof broadacre vegetable plots will
involve some monitoring of plots that are left éal and un-irrigated, or with a cover crop,
for part of the year. Data from these periods rhayused to provide an indication of

drainage fluxes beneath land used for grazing @aterops.

Being a flat coastal plain, the weather acrosdNA® is fairly uniform. However there is

a significant difference in rainfall between thethcand south of the plain.

To provide the best indication of the general patiaf drainage fluxes, with a minimal

number of sites, three primary study sites weresehdor continuous monitoring over a
period of eighteen months. Of the three sitesctsde two were irrigated broadacre
vegetable plots and the third was an irrigated abinorchard. Ultimately only two sites

were monitored for the intended time. One of tlreabdacre vegetable sites was
decommissioned after 5 months at the request ofatick owner. A replacement site was
established and monitored over approximately foontins, for the period of one crop of
carrots, after which the land owner required tleddfiequipment to be removed to allow
harvesting of the crop. No further crops were fddrat that location for the duration of

the study.

Crops at the selected broadacre vegetable sites walbject to overhead sprinkler
irrigation. The almond orchard site was irrigatdth micro-jet sprinklers beneath the tree
canopy, with one sprinkler between each two tressites were irrigated primarily with
Class A reclaimed water (CARW), with an averageénggl of approximately 1200 mg/I
TDS, from the Virginia Pipeline Scheme.
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The four study sites were identified by the desigms PGR, TR, SR, and HX, throughout
the study period, based on abbreviations of sitations. These identities have been used
continuously through the data analysis and modgltihases of this project and are used
throughout this report. Figure 1.1 (page 3) idergiwhich designation applies to which

site.

Solil types in the area are fairly homogeneous. tMbthe area is covered by a duplex soil
type with a loamy-sand A-horizon overlying a loaclgty B-horizon. The soil
classification commonly used by horticulturaliststhe area is defined by Matheson and
Lobban (1975) and is primarily defined by the timeks of the loamy-sand A-horizon.
The exception to this pattern is the dark cracldlay soil adjacent to the Gawler River.
Within the Mathesonand Lobban soil classificatithmee soil types comprise more than
80% of the area used for irrigated agriculturehi@ NAP. At least one site with each of
these three soil types was a priority in selectiugly sites.
Solil profile characteristics at each of the fouimary monitoring sites can be accurately
represented by four soil characterisations idexttiin the NAP by the PIRSA (2001) soll
landscapes database:

- Soil profile at study site PGR is characterised aandy loam over dark

clay’, as described by PIRSA (2001) at their obagon site CLO12.

- Study site TR is characterised as a ‘sand ovesaedy clay’, as
described by PIRSA (2001) at their observation Git€35.

- Study site HX is characterised as a ‘sand oveclayl, as described by
PIRSA (2001) at their observation site CLO31.

- Study site SR is characterised as a ‘sandy rechgoel soil’, as
described by PIRSA (2001) at their observation Git636.

The PIRSA descriptions of these soil profile tyes provided below as descriptions of
the soil profile structures observed at the fowrdgtsites. The depths of transitional
boundaries may have differed slightly in the sadfiees at the study sites to those at the
PIRSA observation sites and these differences taen account of when preparing the
model soil profile descriptions for the modellingalssed in Chapters 4 to 6.

Also , the upper 40 — 50 cm of the soil at the gtaites typically had a higher organic
material content than at the PIRSA observatiors @itethe soil had been developed over a
number of years for horticultural purposes.
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Study Site PGR
Sandy Loam Over Dark Clay (PIRSA observation sit€L012)

Soil Description:

very coarse prismatic structure, breaking
to strong subangular blocky.

Depth (cm) Description
0-10 Dark brown fine sandy loam with weak E
granular structure. gr :
10-25 Brown massive fine sandy loam. # g '
25-50 Dark brown light medium clay with weak | fi
2/

50-90 Dark greyish brown weakly calcareous
medium clay with weak very coarse
prismatic structure, breaking to strong
subangular blocky.

90-140 Reddish brown and dark brown mottled
slightly calcareous medium clay with

strong coarse blocky structure (subsoil of
an older buried soil profile).

ll[[l'll |} I'i'l_lllllj_l'l'fl'l 11 'I.I.Ulﬂ:!l'lll.l’ll.l.u L]

140-180 Orange and light brown weakly
structured clayey sand.

Classification: Hypocalcic, Subnatric, Black Sodosol; medium, moavelly, loamy/clayey, moderate
(PIRSA, 2001)

Study Site HX

Sand over Red Clay(PIRSA observation sit€L031)
Soil Description:

Depth (cm) Description

0-12 Red loose sand (drift).

12-23 Dark reddish brown soft loamy sand.

23-44 Reddish brown soft loamy sand.

44-61 Dark reddish brown firm light medium
clay with strong coarse subangular blocky
structure.

61-100 Yellowish red firm highly calcareous

light clay with weak subangular blocky
structure and more than 20% calcareous
nodules (Class IIIB carbonate).

100-160 Yellowish red and brown soft sandy
loam.

Classification: Supracalcic, Mesonatric, Red Sodosol; thick, ncavglly, sandy / clayey, moderate

(PIRSA, 2001)
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Study Site TR
Sand Over Red Sandy ClayPIRSA observation sit€L035)

Soil Description:

Depth (cm) Description

0-24 Dark reddish brown soft loamy sand.
24-30 Reddish brown firm massive loamy sand.
30-42 Dark red firm sandy light clay with weak

coarse prismatic structure and minor
nodular carbonate.

42-80 Yellowish red very highly calcareous sandy/
clay loam with weak subangular blocky '
structure and minor nodular carbonate.

80-110 Red and brown mottled highly calcareous &
clay loam with moderate subangular blocky
structure.

110-170 Dark brown and orange mottled moderatel
calcareous fine sandy clay loam with weak
subangular blocky structure and 10-20%
nodular carbonate.

Classification: Mesonatric, Hypercalcic, Red Sodosol; thick, noavelly, sandy / clayey, moderate
(PIRSA, 2001)

Study Site SR

Sandy Red Gradational Soi(PIRSA observation sit€L036)

Soil Description:

Depth (cm) Description

0-15 Soft single grained reddish brown loamy
sand.

15-35 Soft massive yellowish red loamy sand.

35-60 Red hard light sandy clay loam with weak

coarse prismatic structure.

60-85 Red hard sandy clay loam with weak
coarse prismatic structure.

85-150 Red and dark brown mottled moderately
calcareous medium clay with strong
angular blocky structure and 10-20% soft
and nodular calcareous segregations.

Classification: Sodic, Eutrophic, Red Kandosol; medium, non-gigyskandy / clay loamy, moderate
(PIRSA, 2001)
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2.3.2 Monitoring period

Monitoring at two of the initially selected studifes (sites PGR and SR) commenced in
August 2003. These included an almond orchardaitire almond trees, and a broadacre
vegetable plot with a rotation of crops over thedgtperiod including carrots, potatoes and
a barley cover crop (Figure 2.1). Monitoring cangd at these sites for a sixteen month
period in order that the data collected allowedud bne year model calibration.
Monitoring at the second broadacre vegetable site TR) commenced in September
2003. This site hosted a barley cover crop folldvey a crop of onions. This site was
monitored for approximately five months, then deodssioned and replaced by another
broadacre vegetable site. This site was monittmedearly five months, the duration of a

single crop of carrots.

Site 1 - Broadacre 22/8/03 16/1/04|27/2/04 4/9/04|10/9/04 16/2/05
(PGR) vegetables \Veg crop 1 - carrots Veg crop 2 - potatoes Cover crop - barley

Site 2 - Broadacre 19/9/03 20/10/03 24/2/04

(TR)  vegetables  |cover crop | Veg crop 1 - onions

Site 3 - Tree crop  19/8/03 31/1/05
(SR) Permanent Almond Trees

Site 3 - Broadacre 5/5/04 30/9/04

(HX)  vegetables Veg crop 1 - carrots

Figure 2.1. Timetable of crops monitored at the far study sites.

As the monitoring program did not provide two sisstee years of data for each irrigation
scenario, inter-annual differences in weather aatemapplications in successive years on
drainage volumes are based on historic weatheratataa simulated irrigation schedule.
Since weather conditions were continuously mondpre variation in drainage as a
function of weather variations during wet and donditions can be considered. As the
majority of water falling onto the irrigated ploterer the course of a year is irrigation
water, the differences between wet and dry yeagslikely to be masked by irrigation

management practices.

2.3.3 Field methods

Irrigation water applied was monitored using a data-logged tipping buciet gauge at
each monitoring point at each study site. Thisety rain gauge is very useful for
recording the timing and duration of irrigation arain events, however, because it only
captures water falling at a single point in thetgley give an inaccurate reading of the
spatial average amount of water applied in eadiaiion event. To overcome this

potential inaccuracy, in-line flow meters were al&td in the supply pipe to the monitored
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sub-plot. In the case of broadacre vegetablegtigation pipelines were networks of 75
mm diameter aluminium or polypropylene pipes aremh@nd connected during the
preparation of the plot for planting and then disttead after the crop was harvested. The
volume of water through the flow meter was conweitte an areal depth of water applied
(mm) by dividing the volume measured by the meteatea of the subplot supplied by the
lateral spurs of the pipe network in which the imelflow meter was installed. These
measurements were then compared with the depthat#rwecorded by the raingauges in

the plot and used to calibrate the readings ofdimgauges.

Evaporation parameters (temperature, humidity, solar radiation and wimpeesl) were

measured with an automatic weather station locatesfudy site PGR, the most northerly
study site. This was installed in November 2008 eontinuously monitored and logged
data for rainfall, temperature, pressure, solaiatamh, wind speed, and rainfall at 15

minute intervals for the whole period of the fisldidy program.

Being a flat coastal plain, the weather acrosNAP is fairly uniform, however there is a
difference in rainfall between the north and soottthe plain. As the study sites have
more than 6-7 km of north-south separation, théatian in weather conditions between
study sites must be considered. To provide adwiticoverage of rainfall and ET
parameters across the region, data from the westagon at the Edinburgh airfield at the

Southern side of the NAP is also used.

Weather data was processed into daily minima, maxanmd averages prior to calculating
daily ETo using the Penman-Monteith formula acaogdio the guidelines of FAO 56
(Allen et al., 1998).

Crop cover fraction was recorded by photographing two 4 ameas of crop at weekly
intervals. Photographs were analysed to deterrtiieepercentage of ground surface

shaded by crop when viewed from above.

Water table depth was monitored by recording measurements of stgndiater level
depth in piezometers adjacent to the study siteis Was only monitored at study sites
where the water table was at less than three meth, where it may effect soil moisture

fluxes in the root zone.

Soil matric potential was monitored at three depths at each monitortaioa using
Soilspec™ tensiometers with a portable vacuum gaugeeadings were taken at

approximately weekly intervals and corrected fa pinessure drop created in the top of the
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tensiometer tube by the length of the column ofewatithin the tube. Tensiometer depths
were 30 cm, 75 cm and 110 cm at all study siteshes& depths ensured that one
tensiometer was in the sandy-loam A-horizon and weoe in the clay subsoil at each
monitoring station. Vacuum readings were takerwaekly or two-weekly intervals

throughout the monitoring period.

Soil moisture contentswere monitored using Sentek Enviroscan capacitaoitenoisture
probes. These monitored soil moisture contentsiraously at six depths (10, 30, 50, 70,
110 and 150 cm) at the primary monitoring statiohstudy sites PGR and SR. These
were logged throughout the period of the monitognggram, with values recorded by a
data logger at half-hourly intervals.

Soil Hydrologic Characteristicswere determined from laboratory analyses of undigiul
soil core samples, collected in brass cylindersmfeach primary monitoring station. Soill
core samples from three depths in the soil profile: 30, and 50 cm, were collected for
measurements of water retention unsaturated hydragbnductivity functions.
Undisturbed soil cores were collected in the begdisders of a set of Tempe cells. In clay
soils, these were taken using a modified drop-hamwigich housed the brass cylinder in
a hardened steel outer casing with a sharpenedntgatige. Using this device, the
cylinder and housing could be forced into the healay subsoils that are typical of the
NAP. After removal of the cylinder from the hougirsoil protruding from the cylinder
was carefully worked off with a hacksaw blade, lagvthe brass cylinder neatly packed
with a cylinder of soil with the same bulk densagd structure as its in-situ state. The
laboratory methods for the determination of watgtemtion curves and unsaturated soil

hydraulic conductivity are described in Section, bdlow.

Soil leachate water quality representing the quality of water that draingtoundwater
was monitored by measuring concentrations of mteatd total dissolved solids in water
samples collected in lysimeters installed below rib@ zone at each monitoring station.
Measurements of the volume of water collected enlysimeters was also useful to provide
some verification of the hydrological model’s pretins of drainage flux quantities. All
lysimeters tend to be problematic for the purpo$emmasuring net vertical water
movement through the soil because the soil wateside at the base of the soil over the
leachate collection pan is not the same as theveddr condition at the same depth outside
the lysimeter. For this reason, the net verticaten flux will be assessed primarily with

the LEACHM model, validated against either soil store content or moisture potential
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measurements. Measurements of the volumes ofdeadwollected in the lysimeters is

considered to be a secondary purpose of thesedyai

Capillary-wick pan-type lysimeters, constructedatadesign described by Holder et al.
(1991), were installed to collect leachate at aldep 75 cm. This type of lysimeter was
selected to avoid problems that alternative lysenelypes may experience in this

application, as discussed in Chapter 1.

Capillary-wick pan-type lysimeters avoid these peats. The effect of the capillary wick

is to create a tension at the base of the sola&bhioth saturated and unsaturated soil water
flow is collected. The result is that this type lpdimeter has a much higher collection
efficiency than ‘zero-tension’ types. This lysimetype is limited to a fairly small surface
area (typically a 30cm x 30cm square). Generabllection efficiency is reduced as
surface area of the lysimeter reduces (JemisonFamgd 1992), however, the additional
efficiency provided with the capillary wick makeightype, on balance, a better choice.
The relative ease of installation and low costhef $maller lysimeter also enabled the use
of two lysimeters in at an observation point toide a more representative collection

area.
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2.3.4 Monitoring Site Arrangement

At each of the three primary study sites two dwgiBgprimary monitoring stations were set
up (Figure 2.9, page 33), including a tipping buckain gauge, a nest of three
tensiometers, a Sentek soil moisture capacitancbep(Buss, 1993), and two capillary
wick lysimeters. Additionally, two secondary manmihg stations were set up at each
study site, each with only a nest of three tensterse At primary monitoring stations

where it was not possible to install capillary wigkimeters, suction cup lysimeters were

installed instead.

At each study site, an in-line flow meter was ugseanonitor the total volume of water
delivered through the irrigation system betweertszis At the PGR study site the meter
was installed in the irrigation spur line supplyithgg monitoed section of the crop. At the
other study sites, pre-existing flow meters weredugo monitor the volume of water

delivered to the whole study site.

The installation of equipment at the three studgssprogressed through the whole of
August and September 2003. Due to some problatasIR was only finally complete on
the 9" October 2003. At all three study sites the primaronitoring equipment was
installed prior to the commencement of irrigatidntlee Spring 2003 crop. Hence the

whole of the summer irrigation season was monitaitesll three study sites.

In total twelve capillary wick lysimeters (Figure2® were constructed and eight of these
were installed at monitoring locations at sitesntd . The property owner at site 3
belatedly expressed concern about the trenchesedeted install the lysimeters, so a
decision was made to install suction cup sampletha site instead of the lysimeters.
Hence a total of eight capillary-wick lysimetersrevenstalled: 2 at each of 2 monitoring

locations at sites 1 and 2.

The lysimeters were installed in the side of traschvith the lysimeter collection plate
installed at a depth of 75cm (Figure 2.3). In ee&$e this was approximately 20cm below
the top of the clay B-horizon soil that is expectedimit the downward flux of water in

this soil profile due to its low hydraulic conduaty.
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Fig 2.2. Capillary wick Iysimter Figure 2.3 Lysimeter collection plate installation

Collection plates were jacked up against a levelase of undisturbed soil in a cavity
carved into the side of the trench (Figure 2.4.(d)jior to back-filling the trench, plastic
sheeting was placed on the side of the trench sarenseparation of the undisturbed soill
above the collection plate from the disturbed swlide the trench (Figure 2.4 (b)). The
leachate collection container is installed at tlasebof the trench and joined to the

collection plate by a rigid PVC pipe.

Figure 2.4 Installation of capillary wick lysimeters

32



Access tubes from the collection container to thesurface allow leachate to be pumped
out of the collection container after the trencbask-filled. Two lysimeters were installed
at each location approximately 1 metre apart. Tétugly sites 1 and 2 each have four
lysimeters: two in close proximity at each monmgrpoint, with the two monitoring points
being approximately 80 metres apart.

Sentek Enviroscan capacitance type soil moistusegs with sensors at depths of 10, 30,
50, 70, 110 and 150 cm were installed at sitesdL2aon the 28 August and at site 3 on
the 19" September. For sites 1 and 3, these dates watreffar the sowing of the crops at
those sites. For site 2, this was about one wedbrd the first irrigation of the almond
trees for this growing season. Each site has lansoisture probe at each of the two
monitoring points. Both probes at each site amneoted to a single controller and data

logger via over-ground cables (Figure 2.5).

Figure 2.5 Soil moisture probes at study site TR.
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Three tensiometers were installed at each monggswint at depths of 30cm, 75cm and
110 cm. These are of a type that uses a sepaaatge go measure the vacuum in the
tensiometer and hence only allows intermittent mesmsent of soil water potential, with
no data logging. A tipping bucket rain gauge wotiboard data logger was installed at
each monitoring point to record both irrigation aathfall reaching the soil/crop.

=-Second

Tipping bucket rain gauge
with data logger

monitoring
poini

2 capillary wick lysimeter
(replaced by suction cup

samplers at site TR)

3 tensiometers at depths qf
30, 75 and 110 cm

) ) Second
1 Soil moisture probe

) ori
with sensors at 6 depths monitoring

§ poini

Rain gauge

Tensiomete
Soil moisture probe
Lysimeters out of picture

Figure 2.6 Monitoring point configuration at three study sites
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The estimation of evapotranspiration requires
monitoring of atmospheric parameters that affect
evaporation as well as monitoring of crop cover
fraction. A data-logging weather station (Figure
2.7) was installed at site PGR for the measurement
of climatic parameters. A long delay in the
procurement of the weather station meant that & wa
not installed until late November 2003. For the
period of monitoring up to that point, climatic dat
was available from the BOM Edinburgh airfield
weather station. The data from these two sources
provided a comprehensive coverage of climate

parameters during the period of monitoring.

Figure 2.7 Automatic weather station at study sit€®GR

Crop cover fraction at the broadacre vegetables si@s monitored by overlaying a grid of
four 1-metre squares over the crop and photogrgghim above (eg. Figure 2.8). This is
done periodically throughout the growth of thepcroThe photographs are analysed to
determine a percentage of crop cover at each pragibglate. A uniform rate of growth is
assumed between the cover percentages calculateédeatlate of each photograph.
Although the photographs are taken at an obliqugeato the crop, they provide a good

indication of the percentage of ground coveredneyarop.

:“7’!1‘ 5 ” (i it i

Figure 2.8 Crop cover photographs taken at site PGR20/10/03 (1) and 17/11/03 (2).
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At the almond orchard site (site SR), it was onbggble to make subjective assessments
of crop cover fraction. During each site visitiisites were made of both the coverage of

tree canopies as well as grass growth between obtwses.

Water table depth was monitored using an existetgvark of piezometers installed by the
Department of Water Land and Biodiversity Conseova(DWLBC), as well as individual
shallow piezometers installed at each study siin-site peizometers were installed to

between 2.2 — 2.8 metres depth.
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Figure 2.9 Site layout at study site PGR
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The diagram in Figure 2.10 is a conceptual arramgenof equipment installed in one
primary monitoring station. Actual monitoring stett arrangements were altered only as

necessary, according to field conditions at eactiyssite.

|d paionuow o Is18wiiad

Figure 2.10 Monitoring station arrangement at broalacre vegetable site PGR.



Figure 2.11 shows how the layout of monitoringista in the one tree crop site (Figure
2.12) differed from that of the broadacre vegetaitles.

A\ 4

12 tree canopies, swn (circles Approx 60 m
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Approx 50

Figure 2.11 Study site layout for almond orchard i¢e (study site SR). Note, circles in
this diagram represent tree canopies. Only 12 treseare shown, out of a total of
approximately 1200 trees in the orchard.

Lysimeter Rain gauge

access tubes

Soil moisture
capacitance
probe

Figure 2.12 Monitoring station 2 at the SR studyite. The area of coverage of the micro
sprinklers necessitated spreading monitoring equipmnt between canopies of two trees.
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2.4. Laboratory Methods
2.4.1 Water retention curves and unsaturated hydralic conductivity

Soil core cylinders for each soil depth sampledeWeaded into Tempe pressure cells (Soil
Moisture Equipment Corporation stock code 1400BI} 3o measure soil hydrologic
characteristics including saturated water contéid), (bulk density @), unsaturated
hydraulic conductivity atp = -10 kPa (Ki0). For each soil sample, several values of
water content ) and corresponding matric potentiap)(were measured in order to
construct water retention curves. Measurementgatér loss were taken ditvalues of O,

-4, -8, -16, -30, -60 and -100 KPa and converteddlumetric water contents. Water
retention curves were constructed from measureméota each soil core sample.
Campbell’'s (1974) water retention function (Equatihl) was then fitted to the measured
water retention curves to determine Campbell's egagarameter values ‘a’ and ‘b’ for

each soil sample.
Y =a@/oy)” (Equation 2.1)
Where ‘a’ is the air entry water potential, andi$%an empirically determined constant.

Unsaturated hydraulic conductivity was measureithénsame soil core samples at a matric
potential of -10 kPa using the outflow method ofit¢l (1965). The matric potential of -10
kPa was chosen because it is similar to that inmbaitored field study site soil profiles

for the majority of the period monitored.

The Klute method is based on measurements of tueneoof water outflowing from a soll
sample in a pressure cell (here the Tempe cel§ mmction of time (Figure 2.13). The
measurements are made over the time taken foraiheanple to equilibrate to a small
change in pressure. To achieve this, negativeierattentials were applied by means of a
‘hanging’ column of water, with a 100 cm hanginduron applying a matric potential to
the sample of approximately -10 KPa. The requipeglssure change was applied by
changing the hanging column length from 90 cm t@ dh. The method requires that it be
assumed that the conductivity ®(and the water retention functiorb/dt is constant
within the range of water content change that actlurough this change in pressure. The
change in pressure causes water to flow from tllesample into the outflow tube and
graduated pipette until the matric potential wittlihre soil has equilibrated with the
negative pressure in the outflow tube. After thernge in pressure is applied, the

volumetric outflow rate during re-equilibration mmeasured, firstly at 1-minute time
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intervals, then at longer intervals after the ftest minutes as the rate of outflow slows in
response to the reducing difference in pressuravdsaet soil and outflow tube. The
volumetric outflow rate is measured from the movetna the end of the water column

along the graduated pipette.

Tempe cell

Plastic tube allow
column of water t
hang fromsoil core
in Tempe cell.

80cm

Graduated tube

Figure 2.13 Rack of six Tempe cells with hangingibes aIIoing water to drain from soil
sample cores, here to an equilibrium water potentieof -80 cm.

From the volumetric outflow data, the quantity D)/Q(w) is calculated, where @] is
the total volume of outflow required to reach eifilm. These are then used to construct
a plot of log [1 — Q)/Q(x)] versus logt. This is overlain on a theoretical plot of the
quantities log [1-Q/Q(w)] versus log Pt/4L?). The two plotted curves are brought into
coincidence by moving the experimental curve aldng log Dt/4L?) axis only. A
convenient value oDt/4L? is selected and from the theoretical curve and e
corresponding value dffrom the theoretical is noted. If the chosen eatd Dt/4L? is

represented as, then the diffusivity, D, is given by
D = wAL?. (Equation 2.2)

Where t is the experimental value of time corresiimgnto the chosen value wf

The specific water capacity, C, of the sample vegiby
C = Q@) /V Ah. (Equation 2.3)
WhereV is the volume of the sample.

40



The mean conductivity within the soil matric pregsincrement over which the outflow

rate was measured is then given by
K = DC (Equation 2.4)

(Klute, 1965).

LEACHM uses Campbell’'s conductivity equation to idef hydraulic conductivity at

varying states of saturation:
K(8) = Ks(0/s) >+ (Equation 2.5)

Where ‘Ks’ is hydraulic conductivity at saturatioy, is a pore interaction parameter,
often set to 1, and ‘b’ is the constant determimedpirically for the water retention
function. Conductivity derived according to thisn€tion changes markedly as the soil
nears saturation. Hence, if saturated conduct{s) is used to position the B) curve,
any inaccuracy in the curve shape can result imfsignt errors in the derived H) values
within the range o8B in which the soil is most commonly found. LEACH&alows the
input of a known conductivity value at a stated nmoapotential value with which to
position the K@) curve. By using unsaturated conductivity at arimgotential of -10
kPa, the conductivity curve has a known referengmtpthat is close to the state of

saturation at which the soil was maintained bation.

2.4.2 Soil water and irrigation water chemistry

Samples of soil solution extract, lysimeter leaehatd irrigation water were analysed for
major ion concentrations at the Analytical Servicaboratory of CSIRO Land and Water.
Major cation analysis was conducted by InductiveBoupled Plasma Emission
Spectrometry (ICP-ES). Concentrations of, Gind SG@ were analysed by lon

Chromatography (IC). The soil samples were alsalyged for exchangeable cation

concentrations and their cation exchange capaCiag).

Loose soil samples taken at depths of 10, 30 anchb@t each of the pimary monitoring
points. Solution extracts were prepared from trsssaples using 5:1 mass ratio of soil to
water. Oven-dried soil samples of 20 g mass wkaken end-over-end for 1 hour with
100 ml of de-ionised water, then left to settle 20nours, and the supernatant poured off,

filtered and sealed in plastic containers.
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Lysimeter leachate samples for major ion analysisrewtaken shortly after the
commencement of irrigation. Although these samplese intended to indicate the
starting soil chamistry at the start of the studyiqu, no water collected in the lysimeters
until irrigation had commenced. Irrigation watemgples were taken directly from the
irrigation pipes at the study sites during irrigatevents.

The data from these analyses provided startingsediition concentrations used as input
data for the chemical equilibrium program Chemé&tie Chemeq program was applied to
determine firstly the Gapon selectivity coefficierior the the exchange / solution phase
equilibrium, and then soil solution equilibrium @@mtrations at the starting soil moisture
contents at ascribed to the sampled depths in BARCHM soil chemistry data input file.

This was carried out according to the followinggadure.

Measured concentrations of exhangeable cations wereverted to the equivalent

concentration if all exchange cations from 20gmfis dissolved in 100 ml water.

Exchangeable cation concentrations were added asuned 1:5 solution extract cation

concentrations to provide total extractable catiores 1:5 soil:water mixture.

A composition of anions to balance the chargeshefrmheasured cation composition was
calculated. Sulphur concentrations measured uttisal extracts were assumed to be all in
the form of SG*, such that the sulphate anion charge concentréiar{S]) provides part

of charge balance of cations in solution. The fede of the ion charge balance was

assumed to be from Gifter pH was accounted for.

An input data file for the Chemeq program was pregacontaining total extractable
cation concentrations and balancing anions forsbib water mixtures. Soil bulk density
stated in the data file was according to lab measants of corresponding soil samples.
Nominal fractions of gypsum and calcite in the so@ stated according to the presence of
these in the soil samples. For example, gypsuns@)awas included if dissolved ions
show high concentrations of Ca and,$0 A fraction of calcite was included if calcite
fragments were observed in the soil profile atsample depth. Data files for nearly all

soil samples incorporate a fraction of calcium.

Output options in the Chemeq data file were setotwput solution and exchange
concentrations at 1:5 soil water ratio (same rasahe input concentrations) and for the
soil at saturation water content. Soil saturateatew content was as measured on

corresponding soil samples in the laboratory.
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Nominal starting values were used for Gapon seliggtcoefficients. Then, after running

the Chemeq program, the exchangeable cation coatens in the output file were

compared with measured exchange cation concentsaitiothe corresponding soil sample.
Selectivity coefficients were adjusted and Chemeag ve-run. This was repeated until the
exchange concentrations in the Chemeq output fd&cimthe measured exchangeable ion
concentrations. When a close match was achievédeba modelled and measured
exchange cation concentrations, the selectivityffiobents used to achieve the matching

results were fixed and recorded.

The data file was adjusted to allow output at lob:\sater ratio and at a water content
corresponding to a soil matric potential of -5 kP@hemeq is re-run and the exchange
cation concentrations and solution phase cationasmah concentrations are recorded for

use as initial soil chemistry values in the LEACHiNut data files.
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CHAPTER 3: RESULTS OF FIELD AND LABORATORY WORK

The results of field and laboratory experiments diseussed and presented in this chapter
together with a brief analysis of the data collddi®m these. The major use of these data
will be as input and calibration data for the sedter and salt transport models, the outputs
of which represent the major components of thiglystand are analysed separately in later

chapters.

3.1 Results from Field Monitoring Program

The results of the field monitoring program arespréed here in graphs of the variation of
each monitored variable with time. The resultsnfreach study site grouped together,
enabling cross-comparison of variables such asnbt&r leachate volume with soil matric
potential, such that the variation in time of diéfet variables can be easily compared.

The data are arranged as sets of graphs, withairfershe duration of each crop monitored,
as these are the durations over which they have lbeed in the modelling exercises
described in later chapters. The data displayethig section are the rain and irrigation
record, the crop cover percentage, the soil matoiential at three depths, the lysimeter

leachate EC and volume and, where used, the EGQctiba cup soil solution samples.

The rainfall and irrigation data are as recordedth®y tipping-bucket rain gauges and are
shown in column charts. The columns represeny daills of rainfall plus irrigation as the

rain gauge provides no distinction between rainiamghtion events.

Results are only provided in this section for tieédf study sites for which models have been
developed in the following chapters, and for theiquk in time during which model

calibration and input data were collected. Furtihea were collected beyond this period and
at study sites that ultimately models were not e for. These data are not reproduced

in this document but are archived at Flinders Ursig.

Although soil moisture capacitance probes were eygual at three of the field study sites, the
data collected from these was found to be lessubedn soil matric potential data for model
calibration or verification. Consequently theseadate not presented here and are not further

discussed in this report.
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3.1.1 Port Gawler Road (PGR) study site

A) PGR Crop 1

The first crop monitored at the Port Gawler Roadlgtsite, PGR Crop 1, was a carrot crop
sown in spring and harvested in mid January. Thpnty of the water recorded by the rain
gauge (Figure 3.1a) is due to irrigation eventah be seen that the grower at this study site
typically applied between 10 mm and 25 mm in aigatron event. Irrigation commenced on
1/9/2003 and the last irrigation of this crop wasl®/1/2004.

The crop cover percentage of PGR Crop 1 (Figuré)3gtew at a fairly linear rate and
peaked at approximately 65% in mid January.

The soil matric potential at 30 cm depth was maneté at a high level, greater than -10 kPa,
for the duration of this crop. Matric potential i cm depth drops below that at 30 cm and
110 cm as the cover percentage of the carrot craeases. This is probably due to the roots
of carrots taking up water from this depth. Wasealso taken up at 30 cm depth, however
irrigation water infiltrates more rapidly to thaemth and maintains a higher soil moisture

content.

Results are shown for lysimeters at monitoring pBiIGR1. The lysimeters at point PGR2
did not collect any measurable quantities of letsharobably because of malfunctions due
to difficulties with installation. Lysimeters aiusly site PGR1 did not collect any measurable

quantities of water between 20/11/2003 and theoémide first crop growth period.

Prior to 20/11/2003, lysimeter leachate increasesalinity from the start of the crop cycle
and seemed to stabilise after about two monthsth@a!.5 month life of the crop. Leachate
volumes collected were generally low. The leachateme in litres divided by the area of
the lysimeter collection plate (0.09%mprovides the millimetres of drainage flux at the
collection plate. Thus, the 140 mm of leachatéectdd on 11/9/03 represents approximately

1.6 mm of drainage flux.
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a) Irrigation + Rainfall, PGR1, Crop 1
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Figure 3.1 Field study data from PGR Crop 1: a) plwviometer record of rain and irrigation, b)
crop cover fraction, c) soil matric potentials at pint PGR1, and d) soil matric potentials at
point PGR2.
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a) Lysimeter Leachate Volume, PGR1, Crop 1
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Figure 3.2 Results from lysimeter at point PGR1 dung PGR Crop 1: a) leachate volume and b)

leachate

EC.
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B) PGR Crop 2

The second crop monitored at the PGR study sit&R E&p 2, was a potato crop sown on
27/2/04 grown through the winter, and harvestateastart on 04/09/04.

The first and last irrigation events for PGR CrofFRjure 3.3a) were on 4/3/04 and 25/5/04.
Events in the rain and irrigation record after 2845are rainfall events only. The crop cover
(Figure 3.3b) peaked at approximately 70% betweaés April and mid May in 2004, after
which the leaf cover was then allowed to senesktemid July the emergence of weeds
among the crop resulted in leaf cover that grewxoeed the cover of the senescent potato

crop. The crop was harvested on 4/9/2004 and deslwover removed at the same time.

The soil matric potential throughout the whole deptonitored (110 cm) was maintained at a
high potential of less than -10 kPa, for the doratf the crop. A data logger was applied to
the tensiometers approximately half way throughdiog growth cycle. This was intended
to determine whether the reading of tensiometemseskly intervals was masking shorter-
term variations in soil matric potential that woudd significant when using the tensiometer
data to calibrate numerical models. The resultsvsthat there were daily fluctuations in the
matric potential but that these were less signifidhan the longer term changes. It was
ascertained from these results that, for calibnapiorposes, the weekly tensiometer readings
provided a sufficiently representative indicatidrtiee general trends in matric potential over

the timescale of a crop cycle.
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Figure

3.3 Field study data from PGR Crop 2: a) plwiometer record of rain and irrigation, b)

crop cover fraction, ¢) soil matric potentials at pint PGR1, and d) soil matric potentials at
point PGR2.
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Approximately half way through the second crop eytlvo additional matric potential

monitoring points were installed at points PGR3 @@R4. These were intended to
determine whether the matric potentials measurddeatwo primary monitoring points were
representative of the whole plot. The results {f@g3.4) show that from the end of May to
late August the soil to a depth of 105 cm retaiaddgh matric potential of greater than -10
kPa throughout this depth range, which was sintibathat observed at the two primary

observation points.
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Figure 3.4 Soil matric potentials measured at adtibnal monitoring points for approximately
half the duration of PGR Crop 2: a) point PGR3 andb) point PGR4

The PGRL1 lysimeters during the term of the secang ¢Figure 3.5) collected measurable
quantities of leachate between mid April and midgdst 2004. Between February and mid
April there was no flux of leachate into the lysiers, even though this was the period of
heaviest irrigation of the crop. Soil matric pdtah measurements through this period
(Figure 3.3 ¢ and d, page 46) show that prior td #pril potentials at the depth of the
lysimeters (75 cm) were lower than -5 kPa. Wagemot expected to leach into the
lysimeters at potentials lower than this. AfterdnmAugust, the matric potential record
showed that potentials at 75 cm depth again fdiidlow —5 kPa and, once again the flux of
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leachate into the lysimeters ceased. There wapidrdgly a difference in the volume of

leachate captured by the two lysimeters at poifRPGhowing either that there is variability
in the drainage flux between these two points, Wwhate only 1.5 m apart, or that one
lysimeter is more efficient than the other. Througe period of PGR Crop 2, lysimeter
PGR1 LH captured 441 ml of leachate while lysimé®&R1 RH captured only 291 ml.

There were however similar values and similar teehdtween the EC values of leachate
yielded from the two PGRL1 lysimeters (Figure 3.&ivpugh the period of PGR Crop 2

Again, the lysimeters at PGR 2 did not collect amasurable quantities of leachate through
the period of this crop despite the high soil maistcontent, confirming that the PGR2

lysimeters were not functioning.
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Figure 3.5 Results from lysimeter at point PGR1 dung PGR Crop 2: a) leachate volume and
b) leachate EC

Suction cup soil solution samplers were installegpants PGR1 and PGR2 in April 2004,
when it was determined that the capillary wick hysters would not collect sufficient
leachate to provide a regular indication of soiluson salinity. These were reliable in

providing a sample of soil solution while irrigatecbps were in place and through the winter
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of 2004. However, after September 2004 when arrigated cover crop was in place, the
soil moisture content was too low for the suctiopxto extract a measurable amount of soill
solution. Comparison of the soil solution salinjirgure 3.6) shows that soil salinity at the
two primary monitoring sites did not vary in cortceiith each other, suggesting that soil
water flow at these two sites may have differeahificantly, causing differences in the times

of solute deposition and removal.

Soil solution EC, PGR1 and PGR2 Suction Cups ¢ PGR1SC ® PGR2 SC
25000
20000 -
[ ] [
€ l o el e ____ -]
§ 15000 T m e * - ,n - i .
3 =3, ¢ n "
010000 - -—------— o (e ——_—,—,—- P S
i} * o o
- .
L1000 I Y ————————— R e e ¢
0

20/2/04 5/3/04 19/3/04 2/4/04 16/4/04 30/4/04 14/5/04 28/5/04 11/6/04 25/6/04 9/7/04 23/7/04 6/8/04 20/8/04 3/9/04

Figure 3.6 EC values of soil solution captured byugtion cup soil solution samplers at points
PGR1 and PGR2 during the period of PGR Crop 2.

Water table depth at the PGR study site were medsimr two piezometers installed at
opposite ends of the monitored plot. These westlied later than the other instruments at
the site and, hence, water table depth measuremehtscommenced at the end of June
2004. However, as the results in Figure 3.7 shbeswater table depth variations at this site
are small. Between the two piezometers, separateddistance of about 120 m, there was a
difference of approximately 0.2 m in water tabl@ttle Over eight months of monitoring, the

depth to water at each of the peizometers variddss/than 0.2 m.
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Figure 3.7 Water table depths in two piezometers stalled at the PGR study site
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3.1.2 Huxtable Road (HX) study site

Only one crop was monitored at the Huxtable Roadyssite (HX site). This was a winter
crop of carrots was sown on 25/4/04 and harveste2Dé/04.

The majority of the water recorded by the rain gaatj HX1 (Figure 3.8a) is due to rain
events. The first and last irrigation events fog tHHX Crop were on 3/5/04 and 23/8/04, the
last being an application of 15 mm. Events inrdia and irrigation record after 23/8/04 are
rainfall events only. The irrigator at this stusiye typically applied between 6 mm and 16

mm in an irrigation event. The crop received altof 125 mm of irrigation and 305 mm of
rain during this period.

The carrot crop at the HX site was planted in diospaced rows such that the crop cover
percentage at the peak of leaf development wasappately 90% (Figure 3.8b).

a) Irrigation + Rainfall, HX1, Crop 1
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Figure 3.8 Field study data from study site HX camot crop: a) pluviometer record of rain and
irrigation and b) crop cover fraction

The large total irrigation and rainfall received thyis crop over the five month period
maintained high soil moisture potentials (Figure3a3d), which were frequently at or close
to saturation. The periods of soil profile satimatwere confirmed by observations of water

pooled on the soil surface on two occasions. BEwveen surface water was not apparent, the
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soil could be seen to have a very high water cantbose to saturation through the majority

of the period of this crop.
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Figure 3.9 Soil matric potentials measured at foumonitoring points at study site HX
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Soil matric potential monitoring points were alsstalled at two additional location, HX 3
and HX4, within this crop to ascertain the degrespatial variability. The results show that
potentials were maintained between 0 and —10 kRdl &ur points with a few short-term
deviations below —10 kPa in the 30 cm at HX4. Ehessults were taken to indicate a
sufficient uniformity of soil matric potential tosaume soil moisture conditions at each

monitored point are representative of the wholé. plo

Unfortunately no lysimeters were installed at stgdg HX as this was a substitute site that
was only equipped for monitoring just before thepcwas planted, thus not allowing time to
install lysimeters. Suction cup soil solution s#éng were installed to allow collection of
soil solution samples from a depth of 75 cm. H& of the soil solution captured (Figure
3.10) occupied a fairly high EC range, between 5800 1200QuS/cm. While there was a
difference between the EC of soil solution betwées two sites for the majority of the
period monitored, the two monitoring point were rede follow very similar variations.
After the end of July, the EC of the two points &me very similar. This was possibly due to
the high rate of water flux through the soil atstdrigh water contents having flushed prior
concentrations of solutes past the 75 cm deptlhefktction cups by that time and that the
solute content of water at that depth thereaftes diatated by the salinity of the irrigation
water and the concentration of solutes by evapspiaation, which was effectively the same

at both monitoring points.
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Figure 3.10 EC values of soil solution captured bguction cup soil solution samplers at points
HX1 and HX2
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3.1.3 Thompson Road (TR) study site

A single crop was monitored at the Thompson Roadyssite (TR site). This was a summer
crop of onions was sown on 20/10/03 and harveste¥¢?/04. However, this was preceded
by a cover crop of barley, sown on 10/9/03 and tkibed off with herbicide spray in mid
October just prior to the sowing of the onion crdfeence there was an overlapping period of
crop cover and there was no tilling of the soihtieration of irrigation lines between the two
crops. These are treated in this study as a sangfecycle. The leaf cover percentage of the
barley cover crop (Figure 3.11a) peaked at arodd fust a few days before the onion crop
was sown. The leaf cover percentage of the oniop then peaked at about 75% in early
February 2004. The leaf cover was allowed to senésr about three weeks, reducing to

approximately 50%, prior to harvesting on 24/2/04.

This being a summer crop, the majority of the watmorded by the rain gauge at TR1
(Figure 3.11b) is due to irrigation events. Thetfand last irrigation events for the TR Crop
1 (barley / onion crop combination) were on 19/G9&hd 14/02/04. The final event in the
irrigation + rain record on 21/2/04 is a rainfalle@t of 9.2 mm. The irrigator at this study
site typically applied between 6 mm and 18 mm inragation event. The crops received a

total of 723 mm of irrigation and 67 mm of rainrithg this period.

The soil moisture matric potentials recorded at mooimg points TR1 and TR2 (Figure

3.11c,d) show that the intensive irrigation applede was effective in maintaining the upper
110 cm of soil at a high matric potential. At th® cm and 110 cm depths, potential is
maintained between approximately —5 kPa and —10dFae whole period of the crop. The

potential at 30 cm depth is somewhat more labéeying between 0 and —17 kPa. The latter
occurred in January 2004, when ET conditions weteeme and even the intensive irrigation
applied to the crop during that time was insufiitieo maintain the moisture content in the

root zone at this irrigator’s preferred level.
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Figure 3.11 Field study data from study site TR: acrop cover fraction, b) pluviometer record
of rain and irrigation, c) soil matric potentials at point TR1, and d) soil matric potentials at
point TR2
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No lysimeters were installed at the TR study siie ¢o objections from the land owner.
Instead, suction cup soil solution samplers wesgailed to allow collection of soil solution
samples from a depth of 75 cm. The EC of the saliltion captured (Figure 3.12) can be
seen to occupy a fairly high EC range, between anmately 3,000 and 10,000S/cm.
While there is a difference between the EC of solution between the two sites the two
monitoring point are seen to follow quite similaarsations. There is a downward trend in
EC through much of the period monitored, possibiglicating effective flushing of the
solutes through the root zone as a result of ttengive irrigation and high water contents
maintained. This would suggest that, despite ttieemely high ET potential through this
period, there is some drainage occurring leachiilgsslutes down through the soil at least to
below the 75 cm depth of the suction cup sampldiise difference in EC between the two
monitoring points suggests more effective drainageurs at TR1 than at TR2, indicating

spatial variability of drainage characteristicshaitthis plot.

Soil Solution EC, TR1 and TR2 Suction Cups m TR1SC A TR2SC
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Figure 3.12 EC values of soil solution captured bguction cup soil solution samplers at points
TR1 and TR2
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3.2 Results from Laboratory Analyses

On the following pages are tables of data resultiog laboratory analysis of soil and water
samples from the all four study sites accordingni&thods described in Chapter 2. These
data form the basis of 1) the soil hydrologic eteristics used to construct model soil
descriptions and 2) initial soil water content ctiods 3) dissolved ion composition of initial
soil solution and irrigation water and shallow gndwater for the soil water and flux models

demonstrated in Chapters 4 — 6.

Table 3.1 provides values resulting from measurements oemaiitflow from undisturbed
soil cores and unsaturated hydraulic conductiWysa at a soil matric potential of —10 kPa,
derived according to the method of Klute (1965kaled in Chapter 2. The measured and
theoretical outflow curves, from which the valudsparameterd andw are derived, are

reproduced in Appendix 1.

Table 3.2 provides soil physical characteristics of soil ptaa taken from each of the four
study sites. Soil moisture content values(d0._s xp5, porosity, bulk and particle densities,
unsaturated hydraulic conductivity at —10 kPa @pmsed from Table 3.1), and Campbell’s
water retention equation parameters ‘a’ and ‘bbradBity values in the table are calculated

from bulk and particle densities where porosifys 1 —pp/pe.

Values of the other soil physical properties weegivitd experimentally as described in
Chapter 2.

Table 3.3 shows values derived from ICP analysis of 1) ergkeaphase cations and 2)
soluble cation and anion concentrations of, respegt exchangeable cation extracts and
soil solution extracts of soil samples from the rf@iudy sites. These analyses were
conducted by CSIRO Land and Water Analytical S&wicaboratory.

Table 3.4 shows derived Gapon selectivity coefficients amthoentrations of exchange

cations and dissolved ions at soil moisture costentresponding to soil matric potential of
-5 kPa. These values are required as starting asitigns for the soil chemistry model in

which the initial soil matric potential was set-#& kPa for the whole modelled soil depth.
These are derived using the values in tables 3ZBahaccording to the method described in
Chapter 2, section 2.4.2.
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Table 3.1 Soil Hydraulic Conductivities (Kinsa) Derived From Klute (1965) Outflow Method

Soil K (unsat.) derivations
Values from outflow graphs K at -10 KPa
Soil Profile / Depth t w (= DY4L?) L’ D (= waL?1t) Ah Q0 \Y C K10y (=DC) K1)
(min) (cm? (cm) (cm? (cm? cm™ (cm/min) (mm/day)

PGR1/0-10 cm 300 0.7 9 0.084 20 1.142 69 0.0008275 6.95E-05 1.001
PGR1 /30 cm 1320 0.4 9 0.011 10 0.182 69 0.0002638 2.88E-06 0.041
PGR1 /50 cm 300 0.4 9 0.048 12 0.815 69 0.0009843 4.72E-05 0.680
PGR2/0-10 cm 180 0.4 9 0.080 20 1.201 69 0.0008703 6.96E-05 1.003
PGR2 /30 cm 240 0.04 9 0.006 20 0.47 69 0.0003406 2.04E-06 0.029
PGR2 /50 cm 240 0.1 9 0.015 20 0.347 69 0.0002514 3.77E-06 0.054
SR1/0-10cm 180 0.2 9 0.040 20 0.527 69 0.0003819 1.53E-05 0.220
SR1/30cm 240 0.2 9 0.030 14 0.188 69 0.0001946 5.84E-06 0.084
SR1/50 cm 240 0.4 9 0.060 14 0.023 69 2.381E-05 1.43E-06 0.021
SR2/0-10 cm 180 0.07 9 0.014 10 0.73 69 0.001058 1.48E-05 0.213
SR2 /30 cm 260 0.04 9 0.006 10 0.628 69 0.0009101 5.04E-06 0.073
SR2 /50 cm 300 0.2 9 0.024 20 0.068 69 4.928E-05 1.18E-06 0.017
HX1/0-10 cm 140 0.7 9 0.180 20 0.637 69 0.0004616 8.31E-05 1.196
HX1 /30 cm 330 0.2 9 0.022 20 0.81 69 0.000587 1.28E-05 0.184
HX1 /50 cm 50 0.1 9 0.072 20 0.041 69 2.971E-05 2.14E-06 0.031
HX2 /0 -10 cm 15 0.04 9 0.096 20 1.09 69 0.0007899 7.58E-05 1.092
HX2 / 30 cm 180 0.4 9 0.080 20 0.85 69 0.0006159 4.93E-05 0.710
HX2 / 50 cm 180 0.4 9 0.080 20 0.064 69 4.638E-05 3.71E-06 0.053
TR1/0-10cm 300 0.2 9 0.024 20 0.56 69 0.0004058 9.74E-06 0.140
TR1/30 cm 180 0.2 9 0.040 20 0.48 69 0.0003478 1.39E-05 0.200
TR1/50 cm 300 0.4 9 0.048 20 0.335 69 0.0002428 1.17E-05 0.168
TR2/0-10cm 360 0.1 9 0.010 20 0.571 69 0.0004138 4.14E-06 0.060
TR2 /30 cm 120 0.2 9 0.060 20 0.06 69 4.348E-05 2.61E-06 0.038
TR2 /50 cm 360 0.4 9 0.040 20 0.172 69 0.0001246 4.99E-06 0.072
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Table 3.2 Soil Physical Properties Summary

Soil Physical and Hydraulic Properties

Campbell's Equation

Parameters
Bulk Particle K at
Osat 0 at Porosity | Density Density -10kPa | Campbell's | Campbell's

Soil sample Soil texture -5kPa (kg/dm3) | (g/cm 3) (mm/d) '‘al ‘b
PGR1 0-10cm (1) |Loamy sand 0.48 0.29 0.44 1.58 2.82 -1.67 2.55
PGR1 0-10cm (2) |Loamy sand 0.37 0.23 0.43 1.52 (2.67) 1.000 -1.50 2.52
PGR1 30cm Sandy loam 0.41 0.29 0.36 1.70 2.67 0.041 -2.37 3.29
PGR1 50cm Sandy clay 0.31 0.24 0.34 1.74 2.65 0.068 -0.44 7.00
PGR1 70cm Calcareous sandy clay 0.35 0.26 0.31 1.75 2.53 -0.54 12.00
PGR2 0-10cm (1) |Loamy sand 0.27 0.42 1.59 2.74

PGR2 0-10cm (2) |Loamy sand 0.36 0.24 0.42 1.56 (2.67) 1.003 -1.50 3.00
PGR2 30cm Sandy loam 0.27 0.19 0.39 1.64 (2.67) 0.029 -0.50 4.70
PGR2 50cm Sandy clay 0.33 0.21 0.40 1.65 (2.67) 0.054 -0.30 6.00
SR1 0-10cm Sandy loam 0.34 0.27 0.39 1.57 (2.67) 0.220 -0.85 7.90
SR1 30cm Sandy loam 0.30 0.26 0.40 1.61 (2.67) 0.060 -1.80 7.20
SR150cm Calcareous sandy clay 0.33 0.30 0.36 1.70 (2.67) 0.021 -2.00 10.00
SR2 0-10cm (1) Sandy loam 0.38 0.30 0.43 1.57 2.75 0.087 -0.38 7.21
SR2 0-10cm (2) Sandy loam 0.31 0.27 0.40 1.59 2.67 0.210 -0.08 10.59
SR2 30cm (1) Sandy loam 0.33 0.30 0.35 1.73 2.65 0.084 -0.80 12.00
SR2 30cm (2) Sandy loam 0.33 0.31 0.40 1.61 2.67 0.073 -0.27 11.50
SR2 50cm (1) Calcareous clay 0.43 0.40 0.43 1.43 2.51 -3.00 12.00
SR2 50cm (2) Calcareous clay 0.46 0.46 0.46 1.45 (2.67) 0.017 -6.00 25.00
HX1 0-10cm Sandy loam 0.37 0.31 0.46 1.48 2.76 1.200 -1.00 4.20
HX1 30cm Loamy sand 0.29 0.29 0.37 1.62 2.59 0.180 -1.50 5.50
HX1 50cm Sandy clay 0.39 0.39 0.39 1.65 2.70 0.031 -5.00 12.00
HX2 0-10cm Sandy loam 0.38 0.26 0.43 1.51 (2.67) 1.090 -1.20 3.70
HX2 30cm Loamy sand 0.31 0.23 0.37 1.68 (2.67) 0.710 -1.80 3.40
HX2 50cm Sandy clay 0.30 0.30 0.32 1.71 (2.67) 0.053 -5.00 12.00
TR1 0-10cm Loamy sand 0.32 0.24 0.39 1.64 (2.67) 0.140 -1.00 5.70
TR1 30cm Sandy loam 0.30 0.27 0.32 1.81 (2.67) 0.200 -1.50 11.30
TR1 50cm Clay 0.36 0.34 0.37 1.67 (2.67) 0.170 -2.70 12.00
TR2 0-10cm Loamy sand 0.32 0.30 0.36 1.71 (2.67) 0.060 -3.20 8.00
TR2 30cm Sandy loam 0.29 0.28 0.33 1.78 (2.67) 0.038 -5.00 12.00
TR2 50cm Sandy clay 0.33 0.31 0.38 1.67 (2.67) 0.078 -5.00 12.00
TRO 0-10cm Loamy sand 0.30 0.25 0.30] 1.84 2.65 -1.00 12.00)
TRO 30cm Sandy loam 0.46 0.32] 0.48] 1.51 2.88 -0.60 12.00)
TRO 50cm Clay 0.45 0.36) 0.44] 1.49 2.65 -0.49 12.00]

Note, porosities in the table are calculated frartk land particle densities)(= 1 —py/pp). Particle

density values in brackets are in place of measuaddes and assume similar particle density to
guartz. Campbell's equation parameters are fromesufitted to experimental water retention curves
(refer Appendix 1).
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Table 3.3 Measured Major Soil Chemistry (CSIRO laboatory analysis results)

Exchange phase cations Soluble cations and anions in 1:5 solution extracts
Ca Mg Na K CEC

(mmol+/k [(mmol+/k | (mmol+/k | (mmol+/k | (mmol+/k Ca Mg Na K Cl S Alk
Soil sample 9) 9) 9) 9) 9) (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol-/I)
PGR1 0-10cm (1) 22 10 6.2 4.1 44 0.2 0.24 2.62 0.42 3.32 0.2 2.14
PGR1 30cm 18 7 7.9 3.7 42 0.76 0.65 4.35 0.25 5.94 0.74 1.8
PGR1 70cm 29 31 9.2 5.9 71 0.14 0.19 6.52 0.26 6.46 0.83 2.62
PGR2 0-10cm (1) 14 10 8.1 6.2 41 0.27 0.24 2.04 0.27 0.14
PGR2 30cm 14 7 4.1 3 28 0.15 0.19 2.66 0.23 0.21
PGR2 75cm 25 45 28 16 121 0.31 0.32 3.2 0.1 0.49
SR1 0-10cm 54 42 10 14 119 0.38 0.51 2.55 0.32 4.41 0.12 2.25
SR1 30cm 39 27 32 12 100 0.33 1.8 4.15 1.63 9.7 0.17 3.15
SR1 75cm 30 32 40 6.7 97 0.13 0.23 4.78 0.18 4.7 0.49 3.51
SR2 0-10cm (1) 39 34 11 14 104 0.14 0.17 3.36 0.21 2.71 0.74 0
SR2 30cm (1) 59 53 67 30 209 0.08 0.06 4.28 0.14 3.14 0.78 4.05
SR2 75cm 48 53 64 16 182 0.11 0.1 11.3 0.12 10.12 0.86 3.84
HX1 0-10cm 74 9 3.7 9.8 75 8.25 0.81 1.47 0.74 1.57 17.14 0.75
HX1 30cm 78 10 4.3 7.8 72 11.25 1.03 2.08 0.65 1.67 17.51 0.76
HX1 75cm 45 21 13 9.1 89 0.7 0.24 3.53 0.24 2.86 1.43 2.09
HX2 0-10cm 57 9 3.1 9.1 75 3.25 0.49 0.96 0.58 3.44
HX2 30cm 76 8 3.8 6.6 66 7 0.63 1.54 0.43 8.13
HX2 75cm 78 28 12 9.3 126 1.24 0.39 2.64 0.18 2.17
TR1 0-10cm 42 17 11 15 83 0.7 0.37 3.84 0.64 5.8 0.41 2.21
TR1 30cm 55 11 8 9 86 0.82 0.19 4.16 0.25 5.15 0.64 1.79
TR1 75cm 63 19 11 9 130 0.48 0.16 2.47 0.13 3.12 0.38 2.02
TR2 0-10cm 58 15 19 18 124 0.98 0.31 5.22 0.54 0.67
TR2 30cm 68 13 9.7 14 115 1.47 0.37 4.06 0.42 0.85
TR2 75cm 61 22 10 12 123 0.8 0.29 291 0.28 1.38
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Table 3.4 Soil Chemistry Variables Derived from Cheical Equilibrium Model (Chemeq)

Derived Gapon

Chemeqg-derived ion concentrations in soil at -5 kPa

Water Content

Selectivity Coefficients Exchange phase cations Catio ns and Anions in Solution
Ca Mg Na K Alk
(mmol+/k [ (mmol+/k | (mmol+/k | (mmol+/k Ca Mg Na K Cl S04 | (mmol -/

Soil sample Mg/Ca | Ca/Na Ca/K s)) 9) 9) s)) (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) )
PGR1 0-10cm (1) 0.26 6.2 1.5 21.21 9.78 6.97 4.34 2.06 6.32 67.18 10.15 76.82 5.45 6.2
PGR1 30cm 0.26 4.0 0.5 17.97 6.86 8.42 3.75 9.9 20.34 124.5 7.02 144.8 21.69 3.69
PGR1 70cm 0.3 20.0 0.3 29.51 30.92 9.22 5.95 1.19 10.48 129.76 1.27 129.07 8.94 7.15
PGR2 0-10cm (1) 0.9 1.0 0.18 13.64 9.67 8.81 6.28 14.31 8.63 55.86 7.2 89.81 8.24 2.66
PGR2 30cm 0.4 5.0 0.6 13.46 6.67 4.7 3.17 7.88 11.77 109.62 8.91 135.95 9.06 3.76
PGR2 75cm 1.7 1.2 0.03 25.16 44.37 29.48 15.99 15.39 15.84 118.05 1.62 140.64 19.25 2.96
SR1 0-10cm 0.7 4.0 0.3 53.43 41.39 10.96 14.22 13.7 16.59 70.6 6.88 128.22 3.49 2.84
SR1 30cm 0.33 1.8 1.85 37.98 25.48 33.82 12.72 20.51 83.82 164.27 | 63.67 | 418.63 7.34 3.33
SR1 75cm 0.9 2.0 0.5 29.79 31.95 40.3 6.66 5.3 7.23 134.86 5.62 133.17 13.88 4.63
SR2 0-10cm (1) 0.65 8.0 0.25 40.69 33.38 10.06 13.87 3.05 4.58 73.71 3.22 55.98 15.29 5.62
SR2 30cm (1) 1.2 2.35 0.18 58.75 52.91 67.26 30.07 4.78 2.55 121.59 4.23 90.54 22.49 4.88
SR2 75cm 1.65 3.2 0.14 47.8 53.14 64.2 16.37 4.78 2.08 200.56 2.26 180.89 15.37 4.8
HX1 0-10cm 0.1 8.0 1.5 73 9.2 4.14 10.18 13.53 19.79 33.01 15.59 37.48 37.23 3.23
HX1 30cm 0.09 12.0 2.0 76.12 10.61 5.07 8.3 12.4 27.07 53.8 15.09 46.64 48.72 3.67
HX1 75cm 0.63 2.43 0.12 44.54 21.02 13.41 9.13 18.92 10.04 66.84 2.19 76.25 24.05 2.55
TR1 0-10cm 0.58 4.1 0.52 41.53 16.77 11.85 14.85 29.16 13.72 138.03 22.1 213.44 16.09 2.21
TR1 30cm 0.42 5.45 0.29 53.8 10.72 8.88 9.2 22.63 4.9 93.74 5.21 121.51 15.1 2.27
TR1 75cm 0.58 3.3 0.2 62.54 18.73 11.3 9.03 12.6 3.25 48.82 2.38 64.57 7.86 2.57
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CHAPTER 4: MODELLING OF SOIL WATER AND SALT FLUX ES

A number of parameters determine the drainage Hareath agricultural land: rainfall,

irrigation, soil profile type, soil surface conditi (e.g. tilled soil), topography, crop types,
crop cover fraction, and evaporation conditions:tamperature, wind speed, solar radiation
and humidity. These parameters can be incorporateca model that estimates how vertical
flux of soil water varies according to the combioat of these parameters within the

prevailing weather conditions and the crop typegyation types and soil types present. The
model can then be calibrated using in-field measerds of soil water contents such that they
correctly estimate the soil water drainage fluxemsasured at a number of monitored sites.
Such models can then be applied to other combmattd the same parameters to provide

predictions of the effects of changes in land ngan@ent practices on vertical water fluxes.

The LEACHC version of the LEACHM solute transporbael (Hutson 2003) uses numerical
solutions of the Richards equation to simulate veetical movement of water between
discrete layers within a soil profile in responsdltixes of water through the upper boundary
of the soil surface. The lower boundary to the pfile can be defined in several different
ways and the model simulates flux through the loka@rndary accordingly. The soil profile
is defined in the model input file with discretgrdas of differing hydraulic conductivity and
water retention characteristics. Water and salubeements and resulting changes in water
contents and solute concentrations are calculategsponse to water and chemical fluxes
through the soil surface resulting from precipdati evapotranspiration and crop cover

conditions.

LEACHM is the general acronym (Leaching Estimathord CHemistry Model) for a suite of
models that simulate water and solute transpoxaimably saturated media (Hutson 2003).
All variants of LEACHM use a common approach to simaulation of water flow, but they
differ in their capability to model organic and mganic chemical processes within the
simulated water flow regime. The LEACHC varianth& inorganic chemistry module that

simulates the transient movement of inorganic ions.

The core of LEACHM is a mechanistic model that usdmite difference approximation of
the Richards equation (Equation 4.1) to model lesisional water flow, and the convection-

dispersion equation to model solute transport.
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6 9. oH .
900 __9 Equation 4.1
a2k (Equation 4.1)

(Richards, 1931)

In the LEACHM application of this equation, z isrtteal distance between nodes in the soil
profile model. The time increment ‘' has a maximwalue of 0.1days and is automatically
reduced as flux density increases. The totalmoikture head potential, H, is equal tgd)

+ z, where R(0) is the soil moisture matric potential at soil stare conten®.

The soil profile is represented as a number ofzZonitial layers, the thickness and properties of
which are specified in the model’s input data fiM/ater retention and unsaturated hydraulic
conductivity functions are encoded in the model pachmeter values for these functions are
user-specified in the input data file. For watetention LEACHM offers a choice of water
retention functions, based on either van Genucht€®80) equation or a modification of
Campbell’s (1974) water retention function (Equatb2), which at higher potentials replaces
the exponential function with a parabolic functimnproduce a better approximation of the
water retention characteristics at the ‘wet endthef water retention curve (Hutson and Cass,
1987).

hn = a(®/6)™® (Equation 4.2)
(Campbell, 1974)

Three parameter values are required to defineetie@tion function for each soil layer, the air
entry value ‘a’, Campbell's ‘b’ parameter, and sauration water contens. LEACHM
assume$s is equivalent to porosity and approximates thisnfrthe bulk density valuey'.
Initial values a, b, ang, were determined experimentally for soil at thre@tds in the
monitored soil profile as described in Chapter @ are tabulated in Table 3.2. LEACHM
uses Campbell's conductivity equation (Equation) 48 define hydraulic conductivity at
varying states of saturation:

K(8) = K(6/65)?°*%*P (Equation 4.3)
(Campbell, 1974)

Here ‘K is hydraulic conductivity at saturation, ‘p’ ispore interaction parameter, often set
to 1, and ‘b’ is the same constant ‘b’ used in thater retention function, determined
empirically. Conductivity derived according to ghiunction changes markedly as the soill
nears saturation. Hence, if saturated conduct{ig) is used to position the 8) curve, any

inaccuracy in the curve shape can result in sicgnifi errors in the derived B) values within
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the range 0B in which the soil is most commonly found. Rattiean requiring the saturated
conductivity Ks, LEACHM requires a known conductyviat a stated matric potential to
position the K@) curve. These values were determined from measnts of conductivity in
soil cores at a matric potential of -10 kPa, ascdlesd in Chapter 2 and are tabulated in
Chapter 3. Values of Campbell's pore interactianameter ‘p’ were set at values of either 1

or 2 according to the effect on the fit of the teag simulation to measured data.

The 1.5 m soil profile was defined as 30 layershea 5 cm thickness. The number of model
soil layers to which each set of parameter valuas applied was determined according to
observations of horizon thicknesses in the monit@al profile. LEACHM allows a number
of options for lower boundary conditions. The optbf a fixed water table depth was used in
this study and a depth of 2.6 m was used for thmataun of the simulation period. The effect
of this lower boundary condition is to create a stant matric potential of -1.1 m
(approximately -11 kPa) at the lower boundary & 1h5 m model soil profile. The upper
boundary of the model is the interface betweerstilesurface, crop and the atmosphere. The
input data for individual LEACHM simulations incladrecords of rain and irrigation,
potential ET and crop cover development. The commeethod to estimate ET in
agricultural settings is using the Penman-Montaitethod according to the guidelines of
FAO 56 (Allen et al., 1998). However, the FAO ®Bgeommendations are necessarily very
generalised in order that they can be applied bgreety of users and do not demand specific
measures of water availability and crop cover foactwhich would place a greater burden of
data collection on the user. The FAO 56 methodomenends categories of crop
development: initial, middle, and end. Recommendexg coefficients for each crop type
then differ for each of these categories to allowdifferent stages of crop cover through the
life of the crop. Values of these crop coefficeate derived from measurements of the ratio
of ETa to Penman-Monteith ETo for sample crops xpeeimental settings (Allen et al.,
1998).

Such an approach to determine the ET componehieaiipper boundary flux in a model may
result in a poor estimate of the vertical soil wétax and the resulting chemical flux. A

better estimation of ETa at the upper boundaryhefrhodel is required, ideally one that is
dynamically related to both the crop cover fractaord the availability of water at the soil

surface and in the root zone. The LEACHM modedvadl the ET to be scaled according to
the crop cover fraction. The growth and senescefaop cover between emergence and
harvest is simulated by a sigmoidal function thadpcts crop cover fraction on each day of
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the simulation based on starting and end datesraxiimum and final crop cover specified by
the user. In addition to this, LEACHM allows anT‘Ecaling factor” to be applied to the
input ETo data. This scaling factor is analogaughe FAO 56 crop coefficient, but is fixed
for the duration of the individual crop growth ogchnd does not need to incorporate an
adjustment for the crop cover development, whichagsounted for by the crop growth
function within LEACHM. The potential evapotransgion (PET) for each time step is then
equal to the product of the ET scaling factor tirtressinput daily ETo, apportioned into time
steps through the day between 7.12 am and 7.1Zpanding to a sigmoidal function.

LEACHM then assumes that transpiration occurs tveffraction of the area with crop cover
and evaporation from the soil surface occurs okerremaining area. The PET is split into

potential evaporation and potential transpiratiochsthat:
Potential Transpiration,,T= PET X crop cover fraction, and
Potential Evaporation,jf = PET (1 — crop cover fraction)

The actual evaporation,;Es limited by the potential flux (g, through the surface in the
time step, which is controlled by the soil matrmtgntial and conductivity corresponding to
the water content of the uppermost soil segmert tlae potential of the soil surface, which is
set at -3000 kPa. Thus,

Actual Evaporation, £= minimum of B/At and Ghax

If Eain a time step is less than the potential surface then the potential transpiration is
increased by the difference between Ep and Ea. Menvthe potential transpiration is limited

by a user-specified maximum ratio of actual to pté transpiration (R, such that,
Potential Transpiration,,T= minimum of TR, and T, + E, - AtEa

The resulting amount of water represented pinTa time step is then subtracted from the soil
segments in proportions determined by the rootildigion which is user-specified in the soil
physical properties section of the model input file

Within each of the soil segments that include pathe specified root distribution, water lost
to transpiration in a time step is determined bytranspiration sink formula which
incorporates terms for an effective water potentidhe root at the soil surface (K > -3000
kPa), a user-specified root flow resistance coffic the soil matric potential and osmotic
potential, the hydraulic conductivity, the depthtb@ node at the centre of the soil segment,

and an assumed distance (10 mm) from the rootdogpthint at which the soil matric and
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osmotic potentials are measured. LEACHM useseaatite procedure to determine a value
for Hioot that results in the total uptake from all segmentthe plant root distribution to be
equal to the potential transpiration. In drierlsothe root water uptake is limited by a
minimum value for soil matric potential of -1500&Melow which LEACHM restricts any
loss by transpiration. Thus in drier soils, theuattranspiration may be less than the potential
transpiration (Hutson, 2010). While the osmotidemtial of the soil is accounted for in
LEACHC models and adjusted in each time step agugrd the concentrations of the major
ions in the soil solution, in LEACHP models the adim potential of the soil is assumed to be
zero. Apart from the effect of the osmotic potentiiathe soil solution, the LEACHM models
do not include a salinity stress response functmradjust plant water uptake if the soil

solution becomes highly concentrated.

The ET scaling factor is a measure of the transpiraperformance of the subject crop
compared to the reference crop that the ETo estimdiased on. This factor is therefore not
the same as the time-averaged crop coefficientemreended by FAO 56, which are
expected ratios of ETa/ETo within each of thre@pagoowth stages ‘ini’, ‘mid’ and ‘end’. In

a LEACHM model the ETo scaling factor can be calibd to improve the model’s prediction
of a measured variable that is influenced by ESteh as soil moisture change over time. An
increase to the ETo scaling factor creates inceeB3@ in the simulation such that fluxes of
water downward through the soil will decrease.thié ETo factor and the soil hydraulic
parameters in a model are calibrated correctlystimeilated changes in soil moisture content

over the duration of the simulation should be clasebserved values at all monitored depths.

The LEACHM Model Description and User Guide (Huts10) contains a full description
of the subroutines involved in LEACHM'’s treatmenft evaporation / transpiration

partitioning and root water uptake.
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4.1 Optimisation of Models

Initial values for Campbell’s a and b parametens] ansaturated conductivity at -10 KPa
(K10) for the two monitored points at study site PGRraveet according to laboratory

measurements of soil core samples (refer Tablargd2Appendix 2).

Table 4.1 Soil hydrologic parameter values for theewo monitored points at study site PGR, from
laboratory measurements of K.y and Campbell’s parameters ‘a’ and ‘b’ in soil coresamples.

Lab - derived parameter values
Soil layer (depth)  $oil type a b K10y (MMid)
1(0-5cm) sandy loam -1.5 2.5 1.0
2| 2(-30cm) sandy loam -15 2.5 1.0
E’ 3(30-50cm) transition L1 - L2 -2.4 3.3 0.1
4 (50 - 150 cm) sandy calc. clay 0.4 7.0 0.1
1(0-5cm) sandy loam -1.5 3.0 1.0
S| 2(5-30cm) sandy loam 1.5 3.0 1.0
E’ 3(30-50cm) transition L1 - L2 -0.5 4.7 0.1
4 (50 - 150 cm) sandy calc. clay -0.3 6.0 0.1

The ETo scaling factors were set to represent sieeafl crop coefficients according to FAO
56 recommendations, while the crop cover growtlction was set to simulate the observed

crop cover development at the respective study site

The irrigation, rainfall and ETo data collectedtla¢ study site were arranged into data files
and the model was run to simulate the monitoredpsofile for the duration of the first crop

monitored at the two primary monitoring points atle study site. The fit between measured
and model-predicted matric potential values at liejf 30, 70 and 110 cm was assessed to

determine the need for further calibration of pagtanvalues (Figure 4.1(a) and (b)).

The poor fit between the observed and model-predichatric potentials in these graphs
suggest that with the initial parameter values,ittoglel was not able to predict the patterns
of change in matric potentials at any of the thdlepths at which they were measured. In
view of these results, the output from the initiacalibrated simulation was deemed to be

unsatisfactory and hence parameter optimisationundsrtaken.
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Figure 4.1 Comparisons of simulated matric potendl at three depths, 30, 75 and 110 cm at
monitoring study site PGR, using measured parametarvalues with_no optimisation (a)
monitored point 1 and (b) monitored point 2

The parameter optimisation program PEST (Dohe@@42 was used to optimise parameter

values to provide a good fit between model-predi@ed measured matric potential values.

PEST is a model-independent non-linear parametana&tson program that adjusts selected

model parameters within a specified range to ogtntine residual sum of squares fit between

model output and corresponding observed data. sbhdydrologic parameters a, b, and K

10) Were optimised simultaneously, with each paramadtewed to alter within a limited range
(Table 4.2).

Table 4.2 Optimisation of soil hydrologic paramete values for soil profiles at study site PGR. Tald
shows the range of values for optimisation of eacharameter and values selected by PEST

optimisation.
Range of parameter freedom for optimisation  Optimise d parameter values
Soil layer K0
(depth) a b K 10) (MMigy a b (mmg)
1(0-5cm) -3.0t0 -0.4 2.5 to 10 0.2 to 20 -0.4 2.5 0.8
g 2 (5-30cm) -3.0t0-0.4 310 10 0.2 to 20 0.4 0.2
2l 3@30-50cm) -5.0t0 -0.4 5to 11 0.1t0 10 -3.3 0.1
4 (50 - 150 cm) -5.0t0 -0.4 510 12 0.1to 10 -0.4 12 0.15
1(0-5cm) -3.0t0-0.4 2.51t0 10 0.2 to 20 -0.5 25 5.7
E 2(5-30cm) -3.0t0-0.4 31010 0.2 to 20 -0.5 0.2
2| 3(30-50cm) -5.0 t0 -0.4 5t0 11 0.1to0 10 -4.3 0.47
4 (50 - 150 cm) -5.0t0-0.4 5t012 0.1to 10 -5.0 0.22
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The best fit to the measured data was found wherE#o scaling factor was raised to 1.15
prior to optimising parameters a, b angidl Scaling factor values closer to 1 resulted & th
whole modelled soil profile retaining more watearnhthe monitored soil profile, suggesting

that the Penman-Monteith ETo calculation methodevestimated potential ET at these sites.

The performance of each optimised set of parametassassessed according to the closeness
of fit of the model-simulated matric potential tthet measured matric potentials at

corresponding depths and times.

This was quantified using three indices. The modekfficiency (EF) and coefficient of
residual mass (CRM) are statistical measures otdta residual errors. The use of these
indices for evaluating solute transport models demonstrated by Loague and Green (1991).

EF = £" (0= On)?—2"=(S - Q)*) / &0~ H (O = On))
(Equation 4.4)

Where $ are the simulated values;; @re the observed values, n is the number of
observations; and Qis the mean of the observed data. The maximumevadr EF is 1,
indicating simulated values perfectly match measwalues. If EF is less than zero, the
simulated values are a worse approximation of theerved data than the mean of the
observed.

CRM = g7 0 -2"=1 S) / (221 O) (Equation 4.5)

A CRM value close to zero indicates a close fitwssin observed and simulated values.
CRM can become increasingly negative or positiuether from zero indicates a worse fit
(Loague and Green, 1991).

The correlation coefficient provides a measure of how well the trends in iredalhigh and

low values in the observed data match those trentie simulated data (Rayner, 1967).

r= €% (O - On)(S - Sw) / V(E =1 (O — Q) (S — Sn)?)
(Equation 4.6)
Values ofr are within the range [-1,1]. A value close tontlicates a strong positive
correlation. A negative value far indicates negative correlation, meaning that tseimd

relative high values in the observed data correldtk relative low values in the simulated

data and vice versa.
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The optimisation performance indices for the twdirafsed simulations are shown in Table
4.3. An index value for EF, CRM amds shown for the fit between observed and simdlate
matric potentials at each of the three depths attwhatric potential was monitored. For
both locations (Point 1 and Point 2) it can be sbamh the simulated matric potentials at 75
and 110 cm (Matric 2 and Matric 3) have a signifibabetter fit to observed data than at 30
cm (Matric 1). The reasons for the apparently gmformance at 30 cm is that the values of
matric potential at 30 cm were generally closeze¢oo and occupied a narrower range than
those at 75 cm and 110 cm (Table 4.4), causingatans of the simulated values to the

observed values to be relatively large proportiointhe observed values.

Table 4.3 Model performance for two model soil préiles, optimised for best fit between observed and
modelled matric potentials at three depths at studgite PGR, monitored points 1 and 2.

Point 1 Point 2
ETp scaling factor = 1.15 1.15
Matric 1 1 0.45 -0.08
Matric 2 1 0.86 0.72
Matric 3 T 0.8 0.7
Matric 1 EF -0.44 -0.25
Matric 2 EF 0.7 0.51
Matric 3 EF 0.23 0.42
Matric 1 CRM -0.57 -0.08
Matric 2 CRM -0.07 -0.04
Matric 3 CRM -0.06 0.09

Matric 1,2 and 3 relate to observation/simulation depths 30, 70 and 110 cm respectively.

Table 4.4 Means and ranges of matric potential vaks measured at PGR site and used in calibration of
model-simulated matric potentials at three depths.

Point 1 Point 2
Mean matric 1 -6.5 -10.7
Mean matric 2 -13.5 -11.0
Mean matric 3 -10.8 -11.4
Min / Max matric 1 -10/-3 -30 /-4
Min / Max matric 2 -52.5/-5.5 -21.5/-3.5
Min / Max matric 3 -15/-7.5 -17 /-8

The graphical display of the two data sets (Figu&(a) and (b)) shows the improved fit of
the optimised simulation of matric potentials atcB@.

Based on the fit of simulated to observed matriepials as a model performance indicator,
the values for a, b and ) resulting from the optimisation (as listed in TaHl.2, page 66)
were selected for use in the models for studyPRG®.
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Figure 4.2 Comparisons of simulated matric potenél at 30, 75 and 110 cm depths at study site
PGR, with PEST optimisation of soil hydrologic parameters at (a) monitored pait PGR1, and
(b) monitored point PGR2

Following the optimisation of the soil and ETo scglparameters, the resulting model was
verified by running the model with the same mod#l profile and ETo scaling factor but
with the excitation data (rain, irrigation, ETo aap cover) for the consecutive 215 days.
The study site contained an irrigated potato crapthe first five months of this period,
followed by two months of unirrigated weed growftea harvest of the potatoes. The new
output from the model was then compared with tH#@dion data (matric potentials at 30,
75 and 110 cm) for this period to verify the modedbility to simulate soil water transport
beyond the period of the data against which theahads calibrated. Graphical comparison
of the simulated and observed matric potentialsvshihat the good fit achieved through the
calibration / optimisation period is continued wha&mulating the consecutive verification

period (Figure 4.3).
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Figure 4.3 Comparisons of simulated matric potenéil at 30, 75 and 110 cm depths at study site
PGR, verifying optimised parameter values with simulated and meased matric potentials from
the consecutive 7-month period at study site PGRa) monitored point PGR1 and (b) monitored

point PGR2
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4.2 Optimisation of Model Parameters for Other Primary Study Sites.

Having tested and demonstrated the approach tongaea optimisation described above, the
same method of parameter optimisation was appleedhé soil and crop combinations
observed at the other two primary study sites: dXeand site TR. As only one crop cycle
was monitored at the two other broadacre vegetahldy sites, the soil profile matric
potential data collected was only used for calibrgtand no verification of the calibrated

model was carried out.

Models were created based on the soil hydraulicacheristics at the two primary monitoring
stations at each of the three broadacre vegetabyestudy sites. The soil profile parameters
for each were calibrated against the soil matriepiials measured over the period of at least
one crop cycle. Irrigation and rainfall appliedive model were as measured at the individual
study site. Whereas the weather data from thetenagather station at the PGR study site
was used to derive the Penman-Monteith (FAO 56)evanspiration data used in the
calibration of the PGR study site soil profile désed above, the ETo data used for the HX
study site calibration was derived from BOM SILOt&8lzase data from the BOM weather
station at the RAAF Edinburgh air field, which djacent to the HX study site.

The following graphs show the comparison of modepat soil matric potentials with those
measured at depths of approximately 30 cm, 75 cthld® cm. In each case the matric
potential predicted by the LEACHM model is showndmytinuous lines, while the measured
matric potentials are shown as individual symbotgurring at each date that matric potential
measurements were taken. For each model, thehgdrhulic parameters were calibrated
using PEST using the same procedures describec dbostudy site PGR1. The two graphs
for each study site show the comparison of outfroi® the uncalibrated model (a) and the
calibrated model (b) with the measured soil maiotentials. As can be seen in the graphs in
Figures 4.4 - 4.7, the uncalibrated models resul& ipoor agreement between the model-
predicted and measured matric potentials, whileatireement is much better in the calibrated

models.
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Figure 4.4 Comparisons of measured and simulatedaitric potential at monitored point HX1 at
30, 75 and 110 cm depths: (a) simulation using maasd parameters values, no optimisation,
and (b) simulation with PEST optimisation of soil lydrologic parameters and ET scaling factor.
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Figure 4.5 Comparisons of measured and simulatedatric potential at monitored point HX2 at

30, 75 and 110 cm depths: (a) simulation using meaed parameters values, no optimisation,
and (b) simulation with PEST optimisation of soilhydrologic parameters and ET scaling factor.
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(a) Modelled and Measured Soil Matric Potential, Site TR1
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Figure 4.6 Comparisons of measured and simulated rtré&c potential at monitored point TR1, at
30, 75 and 110 cm depths: (a) simulation using maasd parameters values, no optimisation,
and (b) simulation with PEST optimisation of soil lydrologic parameters and ET scaling factor.

(a) Modelled and Measured Soil Matric Potential, Site TR2 Modelled ——30cm ——75cm ——110cm
Measured ¢ 30cm m75cm A110cm
-40
-30 A A /
-20 4
<
o
<
.10 i
E - : . » n 3 3
. . ] . . 4 $ Al z
0 : : L : - : : : : : :
16/09/03 30/09/03 14/10/03 28/10/03 11/11/03 25/11/03 9/12/03 23/12/03 6/01/04 20/01/04 3/02/04 17/02/04
. . ) . Modelled =—30cm ——75cm ——110cm
(b) Modelled and Measured Soil Matric Potential, Site TR2 Measured  # 30 cm = 75 cm A 110 cm
-40
-30
-20
s *
g .
-10 *
E : a [ ] ' ]
* - %
0 : : R4 : T : : : : : :
16/09/03 30/09/03 14/10/03 28/10/03 11/11/03 25/11/03 9/12/03 23/12/03 6/01/04 20/01/04 3/02/04 17/02/04

Figure 4.7 Comparisons of measured and simulated rtré&c potential at monitoring point TR2, at
30, 75 and 110 cm depths: (a) simulation using meaed parameters values, no optimisation,
and (b) simulation with PEST optimisation of soil lydrologic parameters and ET scaling factor.

77



The soil profile parameters used in the uncalilsrat®dels were as measured in soil samples
from the study sites and reported in Table 3.2.e $bil hydraulic parameters were altered
significantly in most cases during the calibratpmocess. Tables 4.5 to 4.8 show the values
of these parameters before and after calibratiohtla® numeric range within which the PEST

optimisation process was given freedom to altepdrameter values.

Table 4.5 Soil hydrologic parameter values — before and afteoptimisation for monitoring point HX1

Lab - derived parameter Range of parameter freedom for Optimised parameter
values calibration values

Ko) K1)
Soil layer (depth) oil type a b (mm/d) a b Kiig (mm/d) a b (mm/d)
1 (0-5cm) loamy sand -1.0 4.2 1.2 -3.0t0-0.5]2.0t010.0| 0.2t020 -1.4 5.7 8.50
2 (5-25cm) loamy sand -1.0 4.2 1.2 -3.0t0-0.5]| 25t06.0 | 0.2t05.0 -2.3 3.2 1.04
3 (25-45cm) transition L3 - L4 -1.5 5.5 0.18 | -40t0-1.0 [ 4.0t011.0| 0.03t02.0 -1.0 11.0 0.21
4 (45 - 150 cm) calcareous clay -5.0 12.0 0.031 | -6.5t0-0.5| 5.0t012.0| 0.03t0 1.0 -1.6 12 0.06

Table 4.6 Soil hydrologic parameter values — before and afteoptimisation for monitoring point HX2

Lab - derived parameter Range of parameter freedom for Optimised parameter
values calibration values

Ko Ko
Soil layer (depth)  $oil type a b (mm/d) a b Kug (Mm/d)| a b (mm/d)
1 (0-5cm) loamy sand -1.2 3.7 1.09 |[-3.0t0-0520t010.0| 0.2t020 -1.3 2.0 0.25
2 (5-25cm) loamy sand -1.2 3.7 1.09 |[-30to-05| 25t06.0 | 0.2t05.0 -3.0 4.9 0.20
3 (25-45cm) transition L3 - L4 -1.8 34 071 |-40t0-1.0]30t011.0( 0.03t02.0 | -2.0 11.0 0.11
4 (45-150 cm) calcareous clay -5.0 12.0 0.05 | -6.5t0-05[50t012.0| 0.03t01.0 | 0.95 12 0.133

Table 4.7 Soil hydrologic parameter values — before and afteoptimisation for monitoring point TR1

Lab - derived parameter Range of parameter freedom for Optimised parameter
values calibration values

K10) Keao)
Soil layer (depth)  $oil type a b (mm/d) a b K10y (mm/d) a b (mm/d)
1(0-5cm) Sandy loam -1.0 5.7 0.14 -2.0t0-0.5 |25t 12.0| 0.07t01.0 -0.9 9.8 0.64
2 (5-25cm) sandy clay loam -1.0 5.7 0.14 -2.0t0-05] 4.0t08.0 | 0.07t01.0 -2.0 4.9 0.08
3 (25-45cm) transition L2 - L3 -1.5 11.3 0.2 [-3.0t0-0.75|9.0t013.0| 0.04t00.5 -3.0 9.0 0.05
4 (45-150 cm) calcareous clay -2.7 12.0 0.2 -5.4t0-1.3 |10.0to 14.0[ 0.04 to 0.5 -4.0 10.0 0.30

Table 4.8 Soil hydrologic parameter values — before and afteoptimisation for monitoring point TR2

Lab - derived parameter Range of parameter freedom for Optimised parameter
values calibration values

K0) Ko
Soil layer (depth)  $oil type a b (mm/d) a b Ko (mm/d) a b (mm/d)
1 (0-5cm) Sandy loam -3.2 5.7 0.06 | -6.4t0-1.6 | 4.0t0 12.0| 0.07t0 1.0 -1.6 4.0 1.00
2 (5-25cm) sandy clay loam -3.2 5.7 0.06 | -6.4t0-1.6 | 4.0t012.0 | 0.05t01.0 -4.7 4.0 0.10
3 (25-45cm) transition L2 - L3 -5.0 12.0 0.04 -10t0-2.5 | 6.0t0 14.0| 0.02t00.8 -3.8 6.0 0.09
4 (45 -150cm) calcareous clay -5.0 12.0 0.08 -5.4t0-1.3 | 6.0to 14.0( 0.04t00.8 -1.3 6.0 0.08
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4.3 Sensitivity of Model Predictions to Soil HydraulicParameters

The example field crop scenarios illustrated argtuised in sections 4.1 and 4.2 provide
predictions of drainage volumes from models com$tial and calibrated using data from a
small number of intensively monitored crops. Tlesutting outputs from these models
provide a prediction of fluxes occurring in thosemtored locations and an indication of the
main influencing variables. It is important whenterrpreting the outputs of these models to
have an appreciation of the way in which the owgmitinterest (in this case the soil water
balance components) may change in relation to awarig soil hydrologic variables.

Furthermore, if the models demonstrated here ardeoused to make more general
assessments of the irrigation water flux componantee NAP, it is necessary to determine
the sensitivity of the models to changes in soildraglic characteristics, which vary

significantly over the area of the NAP.

Testing of the sensitivity of individual parametefshe model’'s soil profile descriptions is a
complex task as there are 30 layers in the soiilprdescription, each with five parameter
values (Campbell's ‘a’, ‘b’ and ‘p’p, and K.1g) that affect the behaviour of soil moisture
fluxes. For each model soil profile descriptioedd parameters have been optimised with a
view to creating a 5 x 30 matrix of parameter valwdich collectively behave in the same
way as the monitored soil profile. Altering indivial parameter values within these matrices
to test the effect on the drainage characterigifcthe whole soil profile description is not
useful as the parameters for each soil layer desumi are not independent of each other: a
difference in one parameter value in a real soll be reflected in differences in the other
values. To achieve a practical and realistic aglgf the sensitivity of the model to the key
soil hydrologic variables, the effects of the shagethe water retention curve and the
unsaturated conductivity value used to position tbampbell’'s equation unsaturated

conductivity curve (Ki0) on the annual drainage were tested as follows.

To create a set of realistic combinations of Cartiigb@’ and ‘b’ values, the water retention
curves for the three primary soil horizons at tli@RR monitoring point (derived earlier by
fitting curves to laboratory data) were used asdlivase case curves. From these, alternative
curves were constructed from randémalues above and below, but within 20% of the base
case curvé values, at several points along theaxis. This provided two randomly selected,
but realistic, water retention curves positioneithesi side of the base case curve for each of
the three primary soil horizons observed at PGRJufE 4.8).
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Figure 4.8 Alternative water retention curves forthree soil layers at point PGR1, with high and
low case curves randomly generated within 20% of #nbase case curve.

Using inverse modelling, Campbell's equation ‘addb’ values were derived for each of
these curves. Three soil profile models were twrstructed based on each of the base, low

and high case water retention curves now availableach of the three main soil horizons.

The resulting three models then had thgoKvalue altered to new values within each depth
segment: a low K case in which alf.1§ values from the base case PGR1 soil profile were
reduced by a factor of 5; and a highil§ case in which all values were increased by a facto
of five. The resulting nine soil profile modelsasmed a realistic range of variations in soil

water retention characteristics for a soil of tyygetat this study site, combined with a range of

K(-10) values in which the highest values were 25 tirhedawest values.
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These model soil profile descriptions were inserit@® simulations in which they were
subjected to a year of crop, weather and irrigatonditions typical of the PGR study site.
Within this scenario, irrigation applications wesgnthesised in the model such that the soil
was maintained close to a matric potential of -P@ lat 30 cm depth whenever irrigated crops
were present, thus maintaining similar soil mostconditions to those observed.

The models were run for a one-year duration andréiselting total annual drainage was

plotted for each water retention curve case ag#mestariations in i) (Figure 4.9).
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Figure 4.9 Variation of total annual drainage withalternative water retention curve parameters
and unsaturated conductivity parameters in the thre-layer soil at point PGR1.

It is immediately apparent from these results thatmodel’s predictions of drainage are not
particularly sensitive to the water retention cumv@ameters, but are more sensitive to
differences in the Ko values. At the lower end of the i) range tested, drainage fluxes
approximately halve with a reduction in.# values to 0.2 times the base case values. At the
higher end of the range, fluxes are approximatkhgd times as much with ) values
increased to 5 times the base case values. Taoredhip between the drainage andd(
values is not quite linear, however, within thegarof values tested here, there is no steep
part of the curve that would lead to non-uniquebcated parameter value combinations.
These results also provide some guidance for irdBng model output results and indicate
the likely scale of error in predicted fluxes imgaarison to the scale of error in the parameter

values used.

Clearly there is the opportunity for errors to bgndicantly large if erroneous o) values

are used in the model. However, the minimal eftdcthe WRC parameters and relatively
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high sensitivity to the K values indicate that in the automated calibrabbmodels, the
optimised K0y values would have to be closely matched to thecéffe values in the real
soil profile for the model to achieve an acceptdiiléetween observed and modelled soll
moisture values. Furthermore, dominance in theselts of this parameter and the near-
linear nature of the relationship between the medetirainage fluxes and ) values is
likely to prevent the creation of non-unique partangalue combinations from the automated

calibration process.

4.4 Model Output: Water Flux Estimates for Monitored Study Sites

The outcome of the calibration and optimisationcpss is a soil water transport model that is
intended to be used to estimate the effects @fation practices on the components of the soil
water balance at the monitored points. The hygjioloonditions at the monitored points are
not expected to be representative of the entirgaited plot because of spatial variability of
the soil profile characteristics and other factaifecting the soil water regime, such as crop
cover and irrigation distribution. However, a daly calibrated and optimised model for
two points in the plot allows an examination of tkb&ects of differing agricultural
management practices on the balance between iomgatvapotranspiration and drainage
amounts in the horticultural setting. These waatlierwise be difficult to estimate accurately

because of the difficulty in estimating or measgrinainage or actual evapotranspiration.

Figure 4.10 shows the model output for the wholar yaonitored, from September 2003 to
September 2004 for study site PGR, Point 1 andtRoirOver the two irrigated crops grown
through the year, using a total of 917 mm of irtiigga water and subject to 352 mm of rain,
there was a total of 1148 mm (1145 mm) evaporatetl teanspired, 169 mm (170 mm)
drained below the soil profile, and 48 mm (46 megsl water in the soil profile at the end
compared to the start of the year. Significanthe majority of drainage in the monitored
year appears to occur not as a direct result ofssxagrigation applications, but as a result of

winter rain falling on soil that already has a higater content due to summer irrigation.

Graphs of the outputs of evaporation, transpiratiod drainage predicted by the models for
the primary broadacre vegetable study sites proaidéndication of the drainage occurring
beneath the root zone with the irrigation, rainfalhd evaporation conditions present during
the period of the monitored crop. The rainfall am@gation amounts illustrated in Figure

4.10 are measured amounts rather than model siomlautputs and are shown here to

compare with the graphs of model-simulated evaporatranspiration and drainage.
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Figure 4.10 (a) Input data of measured rain and nigation at site PGR result in (b) simulated
ETa at study site PGR, (c) simulated drainage in t soil profile at point PGR1, and (d)
simulated drainage in the soil profile at point PGR.

The drainage flux predicted by the models for poihtand 2 are almost the same, although it
can be seen from Figure 4.10 (c) and (d) that dggarflux is less labile at point 2, where daily
fluxes vary from 0 mm/d to approximately 1.5 mmtldan at point 1, where the predicted
drainage stops altogether between January and Byriteaches peaks of up to 4.8 mm/d in
June and August. This is due to differences insthiehydraulic characteristics in the models

for the two points.
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Most significant in the outputs from these modalsthe illustration of the importance of
winter rainfall, rather than summer irrigation, dausing drainage to occur. The majority of
drainage occurring at the PGR study site occuraidmmt the 28 May and &' September
2004, after irrigation had ceased on th& ®ay. Conversely, through the summer months
from mid October to the end of March, there is atnmwo drainage even though the majority
of irrigation occurs through this period. It ispapent from these model predictions that the
irrigation applied during the summer months at B&R study site was at least balanced by
the evapotranspiration demand. In the winter mgniafhen crop cover has reduced, and the
potential for both transpiration and evaporationlager, a significant proportion of the

rainfall during this period drains through the gmibfile.

Although study site PGR is the only broadacre vaget study site that was monitored for a
full year, the model predictions for sites HX ang Tfigures 4.11 and 4.12) provide some
important insights into the different rates of espnspiration and drainage between summer

and winter crops.

The predicted drainage is remarkably similar anfgoHX1 and HX2 even though there are
some distinct differences in the optimised soil fojaigical parameters in the two models.
Although the modelled period at this study sitemsy five months, the total drainage is very
close to the total for the whole year modelled $twdy site PGR. However, the crop
monitored at study site HX was grown through thd p&athe year that appears to typically
have the highest drainage volumes due to highafathiand lower potential ET conditions.

Over the a similar five month period at study $t€&R, the model-predicted drainage is
approximately 144 mm with no winter irrigation occng during that period at that study

site.

84



(@) Study site HX, measured rainfall and irrigatio  n, Apr. 04 - Sept. 04 | Irrigation & Rainfall
5

Total irrigation = 125 mm
Total rainfall = 293 mm

= N
(¢ o
L L

Daily flux (mm)
=
o

5 4

0
19/4/04 3/5/04 17/5/04 31/5/04 14/6/04 28/6/04 12/7/04 26/7/04 9/8/04 23/8/04 6/9/04 20/9/04

(b) Study site HX1, Modelled evaporation and transpiration, Apr. 04 - Sept. 04 B Evap m Trans
Total Evaporation = 139 mm
— Total Transpiration = 145 mm
£ 10
E
x
=
> 5
‘®
) MMMMMWMMMMWMMMNL
0
19/4/04 3/5/04 17/5/04 31/5/04 14/6/04 28/6/04 12/7/04 26/7/04 9/8/04 23/8/04 6/9/04 20/9/04
(c) Modelled drainage - HX1 soil profile
10
8 Total drainage = 169 mm
€ 6
E
x
=]
>
‘©
[a}
19/4/04 3/5/04 17/5/04 31/5/04 14/6/04 28/6/04 12/7/04 26/7/04 9/8/04 23/8/04 6/9/04 20/9/04
(d) Modelled drainage - HX2 soil profile
0
8 Total drainage = 168 mm
~ 6
£
: ‘
x ‘
=]
=
8 |||||||||||||||||||||||IIIII|||||||‘H“H|||||||IIIIII|||||||||‘ H“||||||II|||...
-2

19/4/04 3/5/04 17/5/04 31/5/04 14/6/04 28/6/04 12/7/04 26/7/04 9/8/04 23/8/04 6/9/04 20/9/04

Figure 4.11 Model simulations of ETa and drainageesulting from the measured rain and
irrigation (a) and modelled evapotranspiration (b)with the soil profile at monitoring point HX1
(c) and the soil profile at monitoring point HX2 (d).

Drainage beneath the crop monitored at study $®2 differs significantly between the two
models representing the two monitored points, witint TR2 having approximately half of
the drainage predicted for TR1. This is a rest@ltifferences between the optimised soil
hydrological parameters at the two points, andeotdl the expected effect of the observed
matric potentials at the two points. At point TRiere was constantly a potential gradient
between the 30 cm and 110 cm depths, which would kahanced downward movement of
water. At point TR2 there was a much smaller mgbotential gradient, and sometimes a
negative gradient, between depths, particularlynduthe latter three months of the monitored
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period. The effect of this would have been torreistownwards movement of water and

subsequently decrease the amount of drainage augurr

(a) Study site TR, measured rainfall and irrigation , Sept. 03 - Feb. 04 B Irrigation B Rainfall
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Figure 4.12 Model simulations of ETa and drainageesulting from the measured rain and
irrigation (a) and modelled evapotranspiration (b)with the soil profile at monitoring point TR1
(c) and the soil profile at monitoring point TR2 (d.

Although the amount of irrigation applied duringetimonitored period at the TR site is
approximately four times as much as that appliedr av similar amount of time to the
monitored crop at the HX study site, the predictedinage flux at the TR study site is

significantly less than that predicted at the HXdstsite. This occurs as a result of the higher
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rainfall and lower evaporation experienced by thetev crop at study site HX compared to
the summer crop at study site TR. This differehelps to exemplify the importance of to
total drainage beneath crops of seasonal diffeeenteainfall and evaporation conditions.
When considering the variables influencing drainlageeath a vegetable crop, these are much

more significant variables than irrigation volunzgsrrigation scheduling.

4.5  Comparison with Direct Estimates of Fluxes Usm Field Tensiometer Readings

The soil matric potential measurements made afieltestudy sites can be used to determine
the soil water potential gradient at each point tieedings were taken. The tensiometers
readings are corrected for the effect of the lermftthe water column in the tensiometer and
then both the matric potential and the gravitatiguudential at each depth are summed to give
the total head potential at each tensiometer dpté.difference in total potential divided by
the distance between measurement depths givestéetial gradient between the two depths.
Vertical water movement between these depths,turatad or unsaturated conditions, should
then be in the direction of the potential gradiddsing Campbell’'s water retention and
unsaturated conductivity functions, the hydraubmauctivity of the unsaturated soil can be
calculated according to the mean matric potengalvben the two measurement depths at the
time of each measurement. The vertical water fletween the two depths can then be
approximated as the product of the potential gradienes the hydraulic conductivity. By
applying this approximation of vertical flux for @daof the dates on which matric potential
measurements were taken, a times series of flusogppations can be created against which
the modelled fluxes for each study site. These @pprations have been made for one of the
monitoring points at each of the three modelledlgtsites. The soil hydraulic parameters;
Campbell's ‘a’ and ‘b’ parameters and K(-10), usedthese approximations were the same
as the optimised values used in the models desciibeSection 4.4. The value of these
approximations is to check that the direction appraximate quantity of water flux indicated
by the models is in agreement with that which ididated by the field measurements of
matric potentials. The flux quantities are not extpd to match exactly as the matric potential
measurements were taken at intervals of 1 — 2 waerllsthe fluxes between measurement
intervals have been averaged across the intetmatontrast, the LEACHM modelled fluxes
result from multiple flux calculations on each dagtsed on the series of head gradients
between each soil depth segment, derived from giperuand lower boundary fluxes (rain,

irrigation evaporation, transpiration and drainage)d the calculated flux between each
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segment in each sub-daily time step. The resultthede approximations are shown in the

graphs in figures 4.13 to 4.15.
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Figure 4.13 Direct approximation of fluxes at monibring point PGR1, based on a) measured
matric potentials at 30 cm and 75 cm, b) soil watepotential gradient between these depths, and
¢) unsaturated hydraulic conductivity at the mean natric potential between 30 cm and 75 cm
these depths. Note, positive vertical fluxes shown (d) are downward.
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a) Matric potential at 35 cm and 75 cm depths
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Figure 4.14 Direct approximation of fluxes at monibring point HX1, based on a) measured
matric potentials at 30 cm and 75 cm, b) soil watepotential gradient between these depths, and
¢) unsaturated hydraulic conductivity at the mean natric potential between 30 cm and 75 cm
these depths. Note, positive vertical fluxes shown (d) are downward.
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Figure 4.15 Direct approximation of fluxes at monibring point TR1, based on a) measured

matric potentials at 30 cm and 75 cm, b) soil watepotential gradient between these depths, and
) unsaturated hydraulic conductivity at the mean natric potential between 30 cm and 75 cm

these depths. Note, positive vertical fluxes shown (d) are downward.

In Figures 4.13 to 4.15, matric potentials wereyankeasured and gradients, K(q) and flux

values were only calculated for dates representegdints on the graphs. Lines between

points are only an interpolation of these values.

The graphs of the downward flux approximations iguFes 4.13 to 4.15 are comparable to
the modelled fluxes shown in Figures 4.10 (c), 4d)land 4.12 (c). The approximations are
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in good agreement with the model predictions ofuéeical flux direction and in fairly good
agreement with the flux quantities. The total flsp@ver the aproximated periods were 242
mm, 141 mm and 87 mm for monitoring points PGR1,1Hdd TR1 respectively. These
compare with 199 mm, 169 mm and 97 mm respectif@yhe LEACHM modelled flux
totals. The total fluxes directly approximated fdX1 and TR1 monitoring points are
expected to be less than the totals predicted dynthdels as the first and last matric potential
measurements at those sites span a period thatheagr than the modelled period by about
17 days for HX1 and 6 days for TR1. The highealtéitx in the approximation for PGR1 is
due to the coarse integration of daily fluxes betwvdates of matric potential measurements,
in which the mean of the fluxes calculated on twasecutive measurement dates is taken to
occur in every day between those dates.

The key finding here is that the direction and appnate magnitudes of the vertical water
fluxes calculated directly from the soil matric @otial measurements is in agreement with the

fluxes predicted by the models for these monitopomnts.
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4.6 Sensitivity of Simulated Drainage Fluxes to Moelled Soil Profile Combinations

Further to the previous analysis in section 4.3hef model's sensitivity to soil hydrologic

parameters, it is also useful to test whether tirakination of all parameters values derived
from the optimisation process has resulted in ao$etnrealistic values that only produce
sensible model output when the particular combamatf crop, weather, and irrigation data
used in the optimisation process is applied. KEgul6 shows the results of running the
model based on 12 months of data from monitoringtg®GR1, compared with the output
from the same model but with the soil profile dgsesn substituted by the soil profile

descriptions from the other five primary monitoripgints.

With all other model conditions being equal in ik of these models, the differences in the
soil profile descriptions can be assessed. Thdasity in the patterns of drainage through
the 12 months of the model confirm the seasonalreabf the drainage fluxes and the
tendency, independently of the soil profile, fands to respond most significantly to periods

of more intense rainfall between June and September

The two modelled soil profiles representing the P&ilRly site exhibit the greatest drainage
flux under these conditions. This is in accordawdé the soil profile observed at that site,

which had a deep, loamy-sand A-horizon to a deptireater than 50 cm, and then a deep
sandy clay loam B-horizon to a depth of at lea§t @@®. This soil structure is expected to be
a more freely-draining than that in the soil predilbbserved at study sites HX and TR. At site
HX, there was a sandy-loam A-horizon to a depthpgroximately 40 cm, overlying a sandy

clay B-horizon, which is expected to have reasanalvhinage characteristics, but not as
freely-draining as the solil profile at the PGR sifd the TR site there was a thin loamy-clay-

sand A-horizon overlying a sandy clay, which beeantalcareous clay below approximately
80 cm. This is expected to have poorer drainageacieristics, as may be reflected by the

lower drainage predictions for the TR soil profiled=igure 4.16(g) and (f).

None of the drainage flux predictions shown in Fggd.16 are unrealistic and none result in
exceptionally high or low drainage fluxes that wibslggest a critical error in any of these
model soil profiles. The sensitivity of the drageaflux in these models to varying soil profile
parameters has particular importance when up-gcétie models to provide predictions for
the whole NAP area, as discussed in Chapter 6.
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0 (a) Drainage flux, PGR study site, monitored point 1 (PGR1) model
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(c) Drainage flux, PGR1 model with HX1 soil paramet er values
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(f) Drainage Flux, PGR1 model with TR2 soil paramet ers
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Figure 4.16 Predicted drainage fluxes over a one-geperiod with soil profile descriptions from
models for all monitored sites superimposed on theodel of study site PGR1. The model is run with
all the same water applications, crop data and weher/ETo data as the original PGR1 model, based
on measurements at the PGR study site.
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4.7 Sensitivity of Model Predictions to Local andRegional ETo Data

The models discussed in Section 4.4 used potentgotranspiration data from two sources.
The models for the PGR site employed ETo data ddrfvom the weather records collected
by the on-site weather station at site PGR. Thelaelsofor the TR and HX study sites
employed ETo data derived from weather records ftiteerBOM weather station at the RAAF
Edinburgh air field, which is located closer to gsagwo site than the weather station at the
PGR site. While the on-site weather station atstsite PGR provides on-site weather
conditions at the exact location of the monitoredp¢ allowing for a very well calibrated
model to be developed for that study site, the earecord available from the BOM
Edinburgh station covers a longer timescale. # thodels are to be run over a longer
timescale to provide an understanding of the iaterual variation of water fluxes, then the
later is a more appropriate source of weather détawever, as the outcomes of the model
are sensitive to the ETo data employed, and becaeather conditions vary across the scale
of the NAP area, there is a potential for a degifaeaccuracy to be introduced by the use of
ETo data derived from weather data collected abcation other than the study site. By
comparing the water flux predictions of models tity only in their source of ET data, an

assessment can be made of the degree of erranétyalbe introduced.

(a) Drainage flux, monitoring point PGR1 model, wit  h Edinburgh BOM ETo data
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(b) Drainage flux, monitoring point PGR2, with Edin burgh BOM ETo data
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Figure 4.17 Predicted drainage fluxes over a one-geperiod at the PGR study site when the on-
site ETo data are replaced by ETo data derived fromveather records from the BOM
Edinburgh air field weather station.

Comparison of these outputs with the original otdgmhown in Figure 4.17 shows that with

the alternative ETo data the seasonal patternsrahabe are preserved, but the overall
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drainage over the year has reduced by approximdt®¥s, from 199 mm to 169 mm at
location PGR1 and from 201 mm to 172 mm at loceBGR2.

If this comparison is repeated for the modelledigtsite soil profiles from HX and TR where
the original model employed ETo data from the BOMnbBurgh weather station, it is found
that there is a consistently lower drainage fluwewhhe BOM Edinburgh ETo data are used
than when using ETo data derived from the PGR(Siéble 4.9). In simulations of all three
study site soil profiles there is approximately 15%19% less drainage with the RAAF
Edinburgh BOM data than with the PGR study sitedathese findings imply firstly that on
a yearly time scale, weather conditions at the P&y site are less conducive to
evaporation and transpiration than conditions atRIMAF Edinburgh BOM weather station,
approximately 6 km to the south. Secondly, thandige predicted by the models over a

period of a year is sensitive to apparently smiffikiences in evaporation conditions.

The decrease in drainage when using the Edinbuf@i ETo data differs with soil profile

descriptions. There is clearly a greater percentigrease with the TR study site soil profile
than with the PGR study site soil profile. It tght that this is due to the more clay-rich
soils and poorer drainage characteristics of tlile abthe TR site, causing more water to be

held at the surface and allowing daily ETa to lmset to the daily ETo.

Table 4.9 Comparison of total drainage predicted byl-year simulation with varying model soil profile
descriptions and using 1) reference ET (ETo) data etived from PGR study site weather
station data and 2) reference ET data derived fronBOM Edinburgh airfield weather station.

1-year drainage using
Study Site / 1-year drainage using RAAF Edinburgh BOM %
Monitored Point |PGR Site ETo data (mm) ETo data (mm) Difference
PGR/1 199 169 -15.1
PGR/2 201 172 -14.4
HX/1 131 110 -16.0
HX/2 163 140 -14.1
TR/1 154 127 -17.5
TR/2 106 86 -18.9
Cummulative Eto, 1/9/03 to 1/9/04
RAAF Edinburgh BOM %
PGR Site ETo data (mm) ETo data (mm) Difference
1447 1496 3.4

Figure 4.18 illustrates the differences in refeee&d at the RAAF Edinburgh airfield BOM
weather station compared to the PGR site weath&éost While less than 20 high-ET days
during the 1-year period resulted in considerabijhér ETo at the PGR study site on those
days, the majority of days had moderately higheo Bilthe RAAF Edinburgh airfield.
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Figure 4.18 Regression of reference daily ETo valaalerived from PGR study site weather
station data and daily ETo values derived from RAAFEdinburgh airfield BOM weather station
data over the 1-year period of the model simulatiomfrom 1/9/2003 to 1/9/2004.

In summary, the comparisons in this chapter ofrdige predicted by LEACHM models with
varying soil profiles and evapotranspiration partareehas demonstrated that the model is
sensitive to variations in the parameter value doatlons that encode these environmental
conditions in the model. These model predictiohdrainage flux at each study site are also
sensitive to different crop growth and crop traremn parameters. Those demonstrated in
this chapter have been calibrated with crop graamith transpiration parameters as recorded at
the individual study sites during the period of manng. They are intended here to provide
an indication of the amount of deep drainage they be expected in a number of typical and
real irrigated crop growth situations in the NAPthwtypical horticultural practices in the
region. Further modelling demonstrated in Chaptein which these models are altered to
represent the variety of scenarios across the NWPillustrate the impact of differing crop
type parameters on deep drainage fluxes.
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4.8 Soil Salinity Modelling

The LEACHC model calculates the soil inorganic cletm for the major dissolved cations:
Ca, Mg, K, Na, and anions: Cl, $Q CO:*, HCO;, and takes account of ion
adsorption/desorption using Gapon selectivity aoieffits for the major cations. Equilibrium
concentrations of solution and exchange phase awasrecalculated for each model soill
segment after each of a chosen number of times 2P0 time step interval was used in the

models demonstrated here).

Initial ion concentrations in the exchange and smfuphase in the monitored soil profile
were approximated for soil at three depths at eafckthe monitored study sites using a
combination of data from analyses of exchange gationcentrations in soil samples and
analyses of dissolved ion concentrations in solutgmn extracts and lysimeter leachate
samples (Tables 3.3 and 3.4). To provide initél chemistry data for input to the LEACHC
simulation, solution and exchangeable cation ekti@ncentrations were converted to
equilibrium concentrations of major ions in solatiand exchange phases at a field soil water
content considered to be a suitable for each ssitdy The concentrations of exchangeable
cations were converted to concentrations equivateall exchange phase cations from 20g of
soil dissolved in 100 ml water. Concentrationgx¢hange phase cations were then added to
1:5 solution extract cation concentrations to pdeviotal extractable cations in a 1:5 soil:
water mixture. The sulphur concentrations of thletson extract was assumed to be all in the
form of SQ? to provide part of the charge balance of catiensdlution. A nominal initial
carbonate concentration of 5 mg/l was used anadmmainder of anions required to balance
charges were assumed to be chloride. With theseeodrations as input data, the chemical
equilibrium program Chemeq (Hutson, 2003), providdgth the LEACHM software suite,
was used to determine selectivity coefficients egdilibrium concentrations of major cations
and anions in the soil at saturation and at thgalnsoil water content to be used in the
LEACHM simulations. The Chemeq program was runesavtimes, with the Gapon
selectivity coefficients and initial carbonate centrations in the input data adjusted between
each run, until the equilibrium concentrations »fleange phase cations and ions in solution
was in agreement with measured concentrationseirstil samples and soil solution samples

(from lysimeters and suction cup samplers).

Irrigation water samples were taken half way thiodige growing period of the first crop
monitored at this site and analysed by ICP for me@iion and anion concentrations. These

concentrations were used as the dissolved ion otrat®ns of the irrigation water for the
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duration of the simulation. While the salinity tfe water delivered by the VPS varies
throughout the year, the irrigators at each locasonulated here store the water in open
agricultural dams prior to use, which has the effet integrating the quality of water

delivered over several days or weeks.

When simulating the vertical water and salt fluoéshe NAP on the broad area scale and
over many years, we are concerned with total anwadér fluxes and with changes in the
total salt content of the soil over a number ofrgealn this broad scale analysis we are not
concerned with changes in the inorganic chemicampmsition or changes in the
concentrations of individual ionic species. Inwief this there is an opportunity to simplify
the model by treating the total inorganic salttean of the soil as a single chemical and
modelling the changes in concentration of that dbamwithout consideration of ion
exchange equilibria. This can be achieved usirg tEACHP model to provide an
approximation of the changes in total dissolved sahcentration by treating the total of
dissolved salts as a single dissolved chemicain &ad irrigation water salts content are also
expressed as a concentration of a single chenmdlki model’s input data files. The vertical
transport of salt through the soil profile is th&mulated within the LEACHP model with
regard to only to the infiltration and drainagexts at the upper and lower boundary and the
advective and diffusive transport processes thrahglsoil profile.

The following graphs of simulated EC provide a cangon of the soil salinity modelled in
LEACHC, in which all major ion concentrations inl#ion and exchange phases are
considered separately and ion exchange processaadcuded, and in LEACHP, in which
only advective and diffusive transport of the tadédsolved salt content in response to the
vertical transport of soil water is modelled. hetLEACHC data files, the concentrations of
ions in solution in the rain and irrigation wateédan the soil water in each segment are listed
as individual ion concentrations in mmol/l, andi@as$ in the exchange phase in each soil
segment are listed in mmol/kg. Selectivity coedints are also listed for each soil layer. In
the LEACHP data files, concentrations of the sumtled dissolved salts (listed in the
LEACHC data files) in each soil layer are listedmg/kg and those in the rain and irrigation
water and in the soil solution are listed in mgMNo selectivity coefficients are listed as

exchange phase equilibria are not calculated imibeel.

The EC of the soil solution samples is indicativéhe TDS of the soil solution when the soil

is at or close to saturation. Water is expectededxh into the lysimeters at soil matric
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potentials between 0 kPa (saturation) and -5 KP@e simulations illustrated here are based

on recorded irrigation and rainfall data, and calibd against soil matric potential data.

The simulated soil moisture EC (Figures 4.16 — $st®ws the EC at the model-predicted

soil moisture content in the soil at 70 cm deptthattime of each time step.

It is not expected that the simulated soil salimiil match the absolute values and variation
of the measured EC in collected lysimeter leacbateples. Firstly, the model provides only
an approximation of the flow of water and inorgasadutes through the soil profile and can
not exactly match these flows through the real tooed soil profile. Secondly, the simulated
EC is expected to differ from lysimeter leachate &te the simulated EC is based on the
soil moisture TDS concentration on each day ofsihaulation. This concentration increases
as the soil moisture content decreases. The lysmeachate concentration is an integration
of water that has leached from the soil under damts of near or complete saturation shortly
after rain or irrigation events. In these conditidhe soil solution is at its least concentrated.
For the majority of the simulations illustrated dethe simulated soil water potential was
between -5 kPa and -20 kPa, resulting in higher TB&centration and EC than would be

expected in the lysimeter leachate.

However, if the model-simulated EC is able to gareapproximation of the absolute values
and the trend of soil solution EC under the moeiioand modelled conditions, then the
model is expected to give a useful indication of thevelopment of soil salinity under
differing crop and irrigation conditions in similaoil conditions. Similarly, if the duration of
the simulation is extended, the model may provideisaful indication of soil salinity
development over a longer timescale than the madtperiods that the models are set up to

reproduce here.

The graphs in Figures 4.19 To 4.20 show the siradlabil solution EC at the two monitored
points at each of the three study sites over theitared period simulated within each model.
These are a product of the same soil water fluxetsofibr the monitored period at each study
site discussed and illustrated in section 4.4.0Alsown are the measured ECs of lysimeter or
suction cup leachate collected at the two monitqreitits within each study site during the

period of monitoring.
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PGR Study Site, Predicted Soil Solution EC at 70 cm
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Figure 4.19 Simulated soil solution EC at 70 cm déip in monitored study site locations PGR1
and PGR2, compared with measured EC of leachate ¢etted in lysimeters and suction cup
samplers over a period of 1 year from September 2800 September 2004. The gap of
approximately five months in the lysimeter data iglue to the absence of leachate in lysimeters
and suction cups over the summer months.

The model simulation of soil solution EC and copmsding measurements of lysimeter
leachate EC for study site PGR are shown in Figuté. For the limited parts of the year of
the simulation during which there are lysimetercleie measurements to compare with the
predictions of the model simulation, the model jleg a good simulation of both the range
of absolute values of soil solution EC and a fagiod indication of the variation of EC over
the final three months of the simulation. Theransabsence of lysimeter data for five months
in the 1-year simulated period, during which nccheste drained into lysimeters at this study
site. The model simulation predicts an elevatediiiGugh that period, which is expected as
the soil moisture content was lower at that timejiclw would have increased the
concentration of salts in solution. Significantlye absence of lysimeter leachate through the
five month summer period concurs with the predicid the soil water flux model discussed
in Section 4.4 and illustrated in Figure 4.10, whicdicates negligible amounts of soil water

flux though the base of the modelled soil profileéhas study site through this period.
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Furthermore, leachate salinity was higher at PGéhtat PGR1 over the period when
drainage fluxes were predicted to be lower at PGR&h at PGR 1, consistent with

expectations.

HX Study Site, Predicted Soil Solution EC at 70 cm ‘
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Figure 4.20 Simulated soil solution EC at 70 cm déip at monitored points HX1 and HX2,
compared with measured EC of leachate collected suction cup lysimeters at the same locations
over a monitored period of 1 year from April 2004 b September 2004.

The model simulation of EC at the HX study siteg(Fe 4.20) indicates a narrower range of
variation of soil solution EC than indicated by ghection cup lysimeter leachate EC over the
monitored period. However, while the model simiolatof this study site does not provide a
good prediction of the variations in EC, it hasdiceed the starting and ending soil solution
EC quite well and importantly, predicts no sigrafi¢ upwards or downwards trend in EC
under the conditions in which this crop was groaccurately reflecting the overall trend in

the leachate EC over this period.

The model simulation of soil solution EC at the 3iRdy site (Figure 4.21) predicts a higher
EC than that measured in lysimeters at the study sThe measured ECs at this study site
were quite different between the two monitored fmihowever, the starting soil chemistry in
the models representing the two monitored pointeevi®th derived from soil chemistry of
only one location at the site. Only the soil piefj crop and irrigation schedules differed in

the two models.
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TR Study Site, Predicted Soil Solution EC at 70 cm ‘
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Figure 4.21 Simulated soil solution EC at 70 cm déjp at monitored points TR1 and TR2,
compared with measured EC of leachate collected suction cup lysimeters at the same locations
over a monitored period of 1 year from September 2IB to September 2004.

The model produces a good prediction of the tremt\ariation of the real soil solution EC
over the period, suggesting that the model is sy accurate in its simulation of the saill
water and salt flux processes. However, the atagoil chemistry used in the model creates
a simulated soil solution EC that is too high tpresent location TR1, which has significantly
lower EC than location TR2. For location TR2 tlatern of variation of EC over the period
for which suction cup leachate measurements argablais fairly well represented by the
model simulation, with a slight decrease in solluson EC between October 2003 and

February 2004, with a slight increase at the erth@imonitored period.

4.8.1 Modelling soil salts as a single solute

The running of LEACHC with all the combinations eesary for the catchment scale model
described in Chapter 6 becomes prohibitively timaesuiming as the model for each scenario
can take a number of days to run. However, theesseenario can be simulated in a much
shorter time by using the LEACHP model, which siate$ the soil salinity changes by
treating the total of the dissolved inorganic ionsthe soil as a single chemical. In this

method, the TDS concentrations of the soil solytiotgation and rain water are listed as the
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single chemical for LEACHP to simulate. This albva time saving approach to the
simulation of soil salinity development, but the thwal must be tested to check its

performance compared to the LEACHC model.

The extension of these models over greater lerajtlime, as demonstrated in Chapter 5, and
over greater area, as demonstrated in Chapterl&sisd on the models developed for study
site PGR. This is because that study site hasaeagrlength of monitoring data than the other

study sites, which allowed the models to be caldatanore effectively.

The graph in Figure 4.22 shows the soil solutiondE@0O cm depth as simulated by LEACHC
and LEACHP models for location PGR1 at the PGRysgitt. The LEACHC simulation is

the same as shown for location PGR1 in Figure 4pb@e 78). The LEACHP simulation
uses the same, soil hydrologic data, crop, irraggatETo and rainfall data as the LEACHC
simulation but differs in the soil and irrigatiomamistry sections of the input data files.
Where the LEACHC data file contains concentratiohsdividual major cations and anions
in soil solution and exchange phases and in iioga&nd rain water, the LEACHP data file
contains only a data of the total salinity, expeelsgn mg/L TDS in each soil layer segment

and the irrigation and rain water.

40000 PGR Study Site, Predicted Soil Solution EC at 70 cm + EC - PGR1 (LEACHC)
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Figure 4.22 Comparison of outputs from LEACHP and LEACHC models simulating soll
solution EC at 70 cm depth from Sept. 2003 to Se@b04 at study site PGR, location PGR1.

The resulting simulated soil ECs shown in Figur224show a good agreement between the
two simulations. Note, the LEACHP model outputd salinity at nominated depth intervals
in units of mg per kg of soil. The EC shown in tig 4.22 has been derived from the soill
salinity by dividing by the volumetric soil moisturcontent to provide moisture salinity in
mg/l, and then dividing by 0.6 to provide an appmate conversion of TDS concentration
(mg/l) to EC (1S/cm).

Both the LEACHC and the LEACHP 1-year simulationsvide a good approximation of the

observed changes in lysimeter leachate EC overnibeitored 1-year period and the
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variations in simulated soil solution EC are appma¢ely the same in the each simulation.
The LEACHP simulation suggests a slightly greatarease in EC through the summer,
which results in a very slight increase in EC otber year, whereas the LEACHC simulation
suggests a very slight decrease over the year uhdetonditions monitored. While these
difference are minimal over the one-year periodhss simulation, they may become more
significant when the simulation is extended ovelorger period and this effect must be

considered in the longer time scale simulationsatestrated in Chapter 5.
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CHAPTER 5: APPLICATION OF MODELS AT A POINT SCALE

The calibration and optimisation process discusse@hapter 4 provides a soil water
transport model that can be confidently used tonesé the effects of irrigation practices
on the components of the soil water balance akaifsp monitored location. The model is
valid only for the particular soil conditions atettpoint in the landscape which was
monitored to provide data with which to construatl @alibrate the model. The hydrologic
conditions at the monitored point are not expediedbe representative of the entire
irrigated plot because of spatial variability ofetisoil profile characteristics and other
factors affecting the soil water regime, such aspccover and irrigation distribution.
However, a carefully calibrated and optimised mofiel one point in the plot allows
prediction of the effects of differing agriculturaianagement practices on the balance
between irrigation, evapotranspiration and drainageunts in this horticultural setting.
These would otherwise be difficult to estimate aately from field measurements alone

because of the difficulty in estimating or measgrinainage or actual evapotranspiration.

This chapter discusses an application of the omedsional models to one of the NAP
monitored study sites and demonstrates a methogdtwgextending the timescale of the
model beyond the period of monitoring. This methlody is then used to investigate the
inter-annual variability of soil water and salt{ks and to explore how alternative irrigation

strategies may effect the accumulation of irrigatieater solutes in the root zone.

5.1 Soil Water Drainage Fluxes at NAP Study Site®R

The output from the model constructed for the 1rymanitored period at the PGR study
site, as illustrated in Figure 4.7 and discusse@apter 4 Section 4.3, showed that the
majority of drainage in the monitored year appearsccur not as a direct result of excess
irrigation applications, but as a result of wintam falling on soil that already has a high
water content due to summer and autumn irrigatiohis finding highlights a difficulty in
analysing the effects of differing irrigation antbp management strategies on annual ET
and drainage volumes. The outcomes of the onefgedel suggest that predictions of the
effect of irrigation management strategies on tiheual ET and drainage balance of a given

irrigated crop scenario may be obscured by difteriminter rainfall and evaporation

105



conditions from one year to the next. To reliadsess the effects of differing irrigation

scheduling scenarios simulations spanning a nuwibggars of activity are required.

The degree of the inter-annual variations in anragal drainage fluxes is of particular

interest to natural resource managers, as theset &firiations in soil root zone salinity and
recharge to shallow unconfined aquifers, and subm@ty affect shallow water table

depths. A simulation of several decades duratiso jprovides an indication of the degree
of variability in the annual soil drainage fluxesdaroot zone salinity due to inter-annual
variations in rainfall and evaporation condition®n understanding of this degree of
variability is also of use to other researchersa @giide to the duration of field study that
may be required to provide an indication of typi@ahual soil water fluxes.

If the soil physical parameters are assumed toobstant for the duration of a simulation,

then the model soil profile description calibrateith the field study data can be used for a
simulation of any chosen duration. The simulatidesnonstrated in this chapter use the
model soil profile description constructed andlwaied for the two monitored points at the
PGR study site. The crop cover at the simulatedtion can be repeated in each year of
the simulation to represent a crop growing pradinz is consistent from year to year, or
varied within the duration of the model to proviggpresentation of fallow years, or years

in which alternative crops were grown in the moratbplot.

To provide a simulation that recreates the interuah variability in soil drainage fluxes, a
database of real local weather records that caveesiod of time of at least the duration of
the intended simulation is required. The Bureauweteorology (BoM) SILO weather
database holds over 100 years of weather recordthéoweather station at the RAAF
Edinburgh airfield. Data from this database wagleged in the simulations discussed
below. Section 4.5 in Chapter 4 demonstratedttieeffect of employing weather records
from this weather database with the PGR studymsitdel was acceptable in its effect on
the model output. Hence, all the data necessamyn@ simulation over a number of years
is available apart from a multi-year record ofgaiion schedules that can be applied in the
specific soil, crop, and weather conditions of gwmulated scenario. However, in the
absence of several years of irrigation data, itiigaapplications can be generated within
the LEACHM model.

The model provides an automated irrigation optishjch simulates the triggering of

irrigation by a soil matric potential sensor pla@d specified depth in the modelled soil

106



profile. When the simulated soil matric potenaithe specified depth drops to a specified
matric potential, the model applies an amount afeweequired to bring the soil moisture
content to equal the saturation moisture contenalinsoil layers down to a specified
‘replenishment depth’. This simulates an irrigatevent that is triggered by a soil moisture
sensor and which instantly saturates the soil ttesired depth. The amount of water
required to fill the soil to the specified depthrésorded by the model as an irrigation event.
Hence the summary output file from the simulatisnable to list the amount of water

applied in all the automated irrigation applicadhat occur during the simulation.

The replacing of the recorded irrigation record ttoe PGR study site with this simulated
automated irrigation and its effect on the outcarhé¢he PGR site 1-year simulation was
tested by applying simulated irrigation to the hysimulation of monitored point 1 at the
PGR study site (PGR1). All other variables wemghme as in the 1-year PGR site model
discussed in Chapter 4. The model was set upgly apfficient irrigation to fill the soil to
saturation to 30 cm depth whenever a crop was presel the matric potential in the soil at
20 cm depth declined to -10 kPa. This irrigatiogger potential and replenishment depth
was found to maintain a degree of soil moisture Was similar to that in the monitored
profile during the year of monitoring. Figure @)l (provides a comparison of the matric
potentials recorded at site PGR1 and those sintulayethe model when the irrigation
applications recorded during the monitored peritdagpplied and the ETo record from the
BOM Edinburgh airfield weather station is used liace of the on-site weather data. Figure
5.1(b) shows the simulated soil matric potentiateemw the recorded irrigation events are

replaced with simulated auto-irrigation.
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Figure 5.1 Model simulations of matric potentialsat 30, 75 and 110 cm resulting from (a)
rain, irrigation and potential ET conditions measured on-site, and (b) rain and ET data from
local weather station and simulated irrigation.

The matric potentials maintained at the monitorepitkls with the simulated irrigation are a
good approximation to the patterns of matric potéémbserved during the monitored
period, and those simulated by the same modeltiéitecorded irrigation at the study site.
A close match between simulated and recorded matientials is not expected as, under
the simulated irrigation scenario, irrigation wagspkeed more frequently and in smaller

amounts .

Figure 5.2(a) shows the simulated irrigation arabrded rainfall events through the period
of the simulation as well as the model-predicted BEnhile Figure 5.2(b) shows the model-
predicted drainage that results from the balantedsn these. Significantly, the balance
between ET and drainage is altered with the siradlatigation. When compared to the
original simulation that used observed irrigatitiie smaller but more frequent applications
of the simulated irrigation result in a small oukeracrease in the amount of irrigation water
applied (974 mm compared with 917 mm observed)aah@% increase in ET, leading to a
reduction in drainage from 199 mm to 116 mm for yle@ar. The patterns of drainage
through the year however remains similar (refergidrad, Figure 4.8), with the majority of

drainage occurring through the winter months, aftegation has ceased.
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Figure 5.2. Simulated ETa (a) and drainage (b) resting from applying rain and ET data
from local weather station and simulated irrigation, triggered when simulated matric
potential at 20 cm depth drops to -10 kPa

The implication of this is that the longer term slations that are enabled by the generation
of irrigation within the model will indicate highesvaporation and lower drainage than
could be expected to occur at the PGR study sitkerutihe irrigation scheduling currently
practiced at that site. However, the intentiorihaf longer term simulations is to a) allow
the comparison of differing crop and irrigation is@80s over a number of years and b)
reveal the degree of inter-annual variation in $bé& water balance components resulting
from annual differences in weather conditions.th# simulation of study site PGR1 with
simulated irrigation as demonstrated above is @sed baseline scenario, the extension of
the model in time allows comparison of variatior@ year-to-year, and repeated running
of the model with differing crop and/or irrigati@onditions allows a number of scenarios
to be compared to this baseline crop and irrigasicenario. It must be noted however, that
the lower drainage fluxes resulting from this scen@ompared to that estimated from
simulations based on study site data, suggestthateductions in irrigation and drainage
fluxes may be underestimated by crop and irrigasoenario simulations that use the

regional weather data.
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5.2 Extension of Point Scale Models to a Longer ifie Series
5.2.1 Inter-annual variability of water fluxes

In trying to predict the fluxes of ET and draindgem a given soil and crop scenario into
the future and under varying conditions of irrigatmanagement, there is a need to account
for the effects of inter-annual variability in what conditions. If winter rains are the cause
of a large proportion of leaching and drainagen thariation in the annual rain amount may
significantly affect the drainage fluxes occurrimga given year. Hence, predictions of
future drainage, ET, and crop water use under mgryirigation management strategies
may be difficult to make because the future intemtaal weather variability cannot be
known. Whilst the inter-annual variability in weat conditions may be described from
historic data, the variability in drainage fluxesrh year to year is not easily quantified.

The simulations demonstrated here provide a mearguantifying this variability.

Simulations of twenty years of activity at the PGRdy site were carried out using the
calibrated model soil profiles for the two primampnitored points, PGR1 and PGR2, and a
twenty-year record of historic weather data frone 8oM Edinburgh airfield weather
station for the years 1985 to 2004. While a grelategth of weather data is available from
the database for the Edinburgh BoM weather statmmneasing the length of the simulation
causes greater run times and does not add to it oft the simulation results as long as
the period chosen is representative of the vanatia weather that may occur in the NAP
area. The mean annual rainfall recorded in thalitdgh database over 104 years is 436.9
mm with a standard deviation of 104.3 mm. The tyem@ar period from 1985 to 2004
chosen for this simulation has an average annuiflalaover the twenty years of 422.3
mm, close to the long-term mean, and includes tears that lie within the fband 9§'
percentile of annual rainfall over the whole ralhfacord (2002 with 232.5 mm and 1992
with 671 mm) representing the extremes of wet amnydydars that may occur in the NAP
area. Thus, the chosen simulation period is censdrepresentative of the longer-term

weather record.

The same annual crop combination, simulating adtarop followed by a potato crop with
natural weed growth after harvest, was repeate@very year of the 20-year simulation.
This is the same crop cycle observed at the PG& siite during the year of monitoring.
The model was set to simulate automated irrigatgain applying sufficient irrigation to

replenish soil water to 30 cm depth whenever a erap present and matric potential at 20
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cm depth declined to -10 kPa. This was intendegrd®ide an irrigation policy similar to
that followed by the horticulturalist at the PGR® site during the year of monitoring at
that site. While the simulation was intended teate results for a period from 1985 to
2004, the simulated period commenced in Septem@®4 1o allow the model soil profile
to equilibrate to an approximation of the soil nhaie content that would have existed at
the start of 1985.

Figure 5.3 shows the annual totals of drainageigtexti by the model for the 20 years of
the simulation and the corresponding annual rdinfBhere is a high degree of variation of
drainage from year to year, ranging from as léide-6 mm (representing a net discharge of
water from the water table into the soil profile)d002, to a maximum of 131 mm in 1992.
These results are surprising considering the idehtirop covers and highly controlled
automated irrigation, which attempted to maintairssdl moisture potentials for nine
months of each year of the simulation. The redsomthe high degree of variation is that,
as demonstrated by the one-year simulations in €hdp it is the balance between winter
rainfall and evaporation conditions that resulthe majority of drainage through the year.
In the crop cycle simulated here, there is no droplace between mid-July and mid-
September each year, so there is no irrigationieghpluring those months in any year of
this simulation. Under these conditions, yeardwaiw winter rainfall result in very little

drainage.

If the coefficient of variance is expressed asragr@age where;

variance (%) = _standard deviation of annual draén  x 100
mean annual drainage

the variance in annual drainage over the 20-yenulstion was 59% and 41% of the 20-
year mean drainage for points PGR1 and PGR2 regglgct The variance in annual

rainfall over the same period was much less, 082
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(a) Annual drainage flux (mm)
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Figure 5.3 (a) Modelled annual drainage totals at wnitored points PGR1 and PGR2 for a
twenty year simulation from 1985 to 2004, and (b)acorded rainfall for those years.

It can be seen that the rainfall totals for botb2@nd 2004 are higher than that used in the
earlier 1-year model of the PGR study site. Thibacause the weather data applied in this
20-year simulation is from the BOM Edinburgh Aitleweather station, which recorded
higher rainfall during that period than the pluvieter at study site PGR. Also, despite the
higher rainfall during 2003 — 2004 period in they&ar model, the earlier 1-year model
predicted a higher drainage flux for the Sept. 26®ept 2004 period. This is because the
starting moisture content in the 1-year model wasicantly higher than the soil moisture
content on 1/9/2003 in the 20-year model as thterlavas unusually low after the
exceptionally dry year of 2002. It is also impottéo note that the annual totals presented
in Figure 5.3 are divided by calendar years and thayefore show some difference from

the results of the one-year models previously dised.
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In view of the finding that the majority of drairagn these conditions is caused by winter
rainfall rather than irrigation applications, anldat rainfall in this region is winter-
dominated, it is intuitive to expect that annualidage totals will be closely correlated with
annual rainfall totals. However, the correlatioatvieen annual drainage and annual
rainfall over the 20 years of the simulation is Babng, with correlation coefficient®r
values of 0.55 and 0.51 for PGR1 and PGR2 respdygtivA large part of the correlation
that does exist over this period is due to thengtrmorrelation between exceptionally wet or
dry years and exceptionally high or low annual mge totals. Hence, the three
exceptional rainfall years in the 20-year simulatjperiod (1992 was exceptionally wet
while 1994 and 2002 were exceptionally dry) tendnbance the correlation. This effect is
illustrated by the regression plots of annual drganover annual rainfall, shown in Figure
5.4. If the three exceptional years are removhd, dorrelation between rainfall and
drainage becomes much weaker, with correlationficteits ‘* of 0.17 and 0.15 for
PGR1 and PGR2.

The large variance in drainage has important inagibois for any efforts to characterise
typical drainage volumes under similar combinatiohsoil, crop, irrigation and climate to
those simulated here. For example, a study coadumter two years from 1993 to 1994 or
from 2002 to 2003 would have resulted in a sigaiftcunder-estimate of typical drainage
fluxes. A study from 1999 to 2001 or from 2002 2004 may have surmised that a
dramatic year-on-year increase in drainage fluxas wccurring. A monitoring period of

up to 3 years may be largely misleading in its¢atlon of typical drainage volumes.

These findings demonstrate the importance of ameapgiion of temporal scale in the
analysis of soil water drainage. Long term tremdshis variable are difficult to predict
from a short term analysis. A one- or two-yearlgsia of drainage resulting from a
particular soil, crop and irrigation combination ynprovide a misleading indication of

average annual drainage fluxes in even the mostoestrolled irrigation conditions.
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(a) Annual drainage vs rainfall - PGR 1

(b) Annual drainage vs rainfall - PGR 2

140
120 - 120 1
100 -
100
E 80 B
E £ 80
[¢3] 60 - (3]
S 40 g %01
la) la)
20 40
01 , 207
'20 T T T T O T T T T
200 300 400 500 600 700 200 300 400 500 600 700
Annual Rainfall (mm) Annual Rainfall (mm)
0 (c) Annual drainage vs rainfall - PGR 1 (d) Annual drainage vs rainfall - PGR 2
120
* *
120 - °
100 . . ¢
2 _
100 - R“=0.15
fg ’é 80 .
é 80 -+ £ * o .
S S 60 .
© @©
S 60 A c .
§ s .
a) 8 404 . .
40 A
20 . 20
*
0 T T T o T T T
200 300 400 500 600 200 300 400 500 600

Annual Rainfall (mm)

Annual Rainfall (mm)

Figure 5.4 Regression plots of annual drainage flutotals versus annual rainfall totals from
simulations of twenty years of irrigated crop growh from 1985 to 2004 (a) PGR1 and (b)
PGR2. Correlation of rainfall totals with drainage totals decreases significantly when three
years of exceptionally high or low rainfall are renoved, (c) and (d).
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5.2.2 Alternative irrigation scenarios

A simulation model of this type allows predictiooslong term trends in drainage under
differing scenarios. Plotting the predicted cuntiviavalues of irrigation, evaporation and
drainage volumes over time provides a useful wagxaimining complex transient data in
which longer term trends are not always readilyaaept. Six further 20-year simulations
for PGRL1 only were run with simulated irrigatioringsmatric potential triggers of -10, -15,
-20, -25, -30 and -35 kPa at 30 cm depth. Wheitgulocumulatively, the irrigation,
evaporation and drainage predicted in the six 20-wmulations increase linearly over
time (Figure 5.5, page 107). The inter-annual ataon in rainfall and evaporation
conditions result in relatively minor fluctuatioms an otherwise linear growth of these
variables over time. The gradient of the lineantls of these curves is equivalent to the

long term average annual flux of the variable dirae.

These results reinforce the observation that tHecwsf of timescale are an important
consideration in the interpretation of these dafmalyses of drainage occurring under
controlled irrigation conditions over a monitoreeripd of one or two years may result in

drainage volumes that are significantly differerdnfi the long term average drainage
resulting from the same controlled conditions. &wample, the gradient of the linear trend
of the -15 kPa drainage versus time plot is 0.17/aay, equivalent to an average annual
drainage of approximately 64 mm/year. Howevenva-year analysis from 1/1/1993 to

1/1/1995 would have found a total drainage over pleaiod to be 18 mm, whereas a similar
analysis of the following two-year period from 1395 to 1/1/1997 would have found a
total drainage of 174 mm. Thus a two-year studygrainage at this site would have the
potential to yield a largely inaccurate estimat¢hef annual drainage amount. This result is
unexpected in consideration of the highly contebllerigation in these simulations,

however it is the variability of winter rainfall drevaporation conditions that gives rise to

this inter-annual variation in annual drainage wudu

The cumulative fluxes predicted by this simulatmrer the whole twenty-year period are
tabulated in Table 5.1. When plotted cumulativéhg, irrigation, evaporation and drainage
predicted in the six 20-year simulations are shtwfollow linear trends over time (Figure
5.5). The inter-annual variation in rainfall andaporation conditions result in relatively
minor fluctuations in an otherwise linear growthtloése variables over time. The gradient
of the linear trends of these curves is equivatenthe long term average flux of the

variable.
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Table 5.1 Average annual fluxes of water at studyite PGR1, according to 20-year

simulations.
Irrigation trigger Rain +

soil matric Irrigation  Irrigation  Transp. Evap. Drainage Drainage
potential mm/year mm/year mm/year mm/year mm/year Irrigation
-10 kPa 858 1279 485 706 118 0.14
-15 kPa 642 1063 461 539 65 0.10
-20 kPa 545 966 465 463 41 0.08
-25 kPa 494 915 469 423 25 0.05
-30 kPa 458 880 471 399 12 0.03
-35 kPa 433 855 472 379 6 0.01

Average transpiration was found to be similar veithof the six irrigation trigger potentials,

ranging from 458 mm/year to 472 mm/year. This Kty is to be expected since the
crops present were identical in each year of thrulsition and the crops were well watered
such that transpiration is not limited. The eféecf altering the irrigation trigger point are
reflected primarily in changes in the amounts ngation water, evaporation and drainage.
As the amounts of drainage are approximately oweroof magnitude smaller than the
irrigation and evaporation amounts, the signifiadifferences in irrigation water used with

the range of irrigation trigger potentials are &yga result of reductions in evaporation.
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Figure 5.5 Model simulations of cumulative irrigdion water, evaporation and drainage over
a 20-year simulation with simulated irrigation that is triggered at a specified soil matric

potential.
and drain

Differing trigger potentials result in differing amounts of irrigation, evaporation
age.
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The benefits of sensor-controlled irrigation pari can be assessed for a given
combination of crop, soil and climate, using thetmds described. It is clear that in this
type of horticulture, in which vegetable crops riegumaintenance of a high soil moisture
content, small changes in irrigation trigger seftisuch as from -10 kPa to -15 kPa result in
significant savings in irrigation water and thatsh savings are largely a result of
reductions in evaporation from the soil surfaceowidver, as the irrigation trigger potential

becomes more negative, further reductions resuimialler changes in irrigation water,

evaporation and drainage amounts. Thus, an optitnigigrer potential for the soil, crop

and irrigation combination evaluated in this stungy be -20 or -25 kPa. Potentials lower
than this level may not be economically justifiabgethe risk of crop yield reductions is not

balanced by a significant reduction in water userasironmental impact.

While reductions in drainage are relatively smalmpared to the savings achieved in
irrigation water, they are important when considgrithe effects of accessions to
groundwater and leaching of salts from the rootezoin the setting of the NAP, where
irrigation drainage accessions to groundwater maycausing water tables to rise, the
reductions in drainage illustrated here are dekdrdhbthey do not result in unacceptable
increases in root zone salinity either over thegloerm or periodically while crops are

present.

5.3 Soil Salinity Changes Over a 20 Year Simulatio

By using the LEACHC model to carry out the simuwas described above, changes in
salinity in the soil profile can also be simulatelEACHC calculates the soil inorganic
chemistry for the major dissolved cations: Ca, Mg,Na, and anions: Cl, S®, CO;,
HCGQO;', and takes account of ion adsorption/desorptiamguSapon selectivity coefficients
for the major cations. Equilibrium concentratiarfssolution and exchange phase ions are
recalculated for each model soil segment after ehehchosen number of times steps (a 20
time step interval was used here, with time stdpg&bday). Initial ion concentrations in
the exchange and solution phase in the monitoriggsile were approximated for soil at
three depths using a combination of exchange catomtentrations in soil samples and
dissolved ion concentrations in soil solution estisaand lysimeter leachate samples.

To provide initial soil chemistry data for input tbe LEACHC simulation, solution and
exchangeable cation extract concentrations wereertad to equilibrium concentrations of

major ions in solution and exchange phases atlé $i@l water content considered to be
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representative of the study site. Measured coratons of exchangeable cations were
converted to concentrations equivalent to all ergeaphase cations from 20g of soil
dissolved in 100 ml water. Resulting concentratioh exchange phase cations were then
added to measured 1:5 solution extract cation cdreons to provide total extractable
cation concentrations in a 1:5 soil : water migturThe sulphur concentrations of the
solution extract were assumed to be all in the foff8Q? to provide part of the charge
balance of cations in solution. A nominal initakalinity of 5 mg/l HCO was used and
the remainder of anions required to balance changes assumed to be chloride. With
these concentrations as input data, a chemicallileguin program, Chemeq (Hutson,
2003), provided with the LEACHM software suite, wased to determine selectivity
coefficients and equilibrium concentrations of magations and anions in the soil at
saturation and at the initial soil water contenbéused in the LEACHM simulations. The
Chemeq program was run several times, with the Gaptectivity coefficients and initial
carbonate concentrations adjusted between eaclimtihthe equilibrium concentrations of
exchange phase cations and ions in solution wasagreement with measured
concentrations in the soil samples and lysimeteccHate samples. The resulting

equilibrium concentrations are tabulated in Tabte(page 60).

Irrigation water samples were taken half way thiotlge growing period of the first crop
monitored at this site and analysed by ICP for magmtion and anion concentrations.
These concentrations were used as the dissolvedoiocentrations of the irrigation water
for the duration of the simulation. While the sl of the reclaimed water delivered by
the Virginia Pipeline System varies throughout tyear, the irrigator at the location
simulated here stores the water in an open agui@lldam prior to use, which has the
effect of integrating water delivered over sevel@ys or weeks. The TDS of the irrigation
water in this simulation was 1260 mg/l, with themgosition of major ions determined
from ICP analyses of water samples taken from tgation lines at the PGR study site.
The soil chemistry simulations here do not incluabiditions of fertiliser, which are

certainly a part of horticultural practices on tkisidy site. The effect of omitting these

from the simulations will be to underestimate thimk mass of solutes added to the soil.

When simulating the vertical water and salt flueéshe NAP on the broad area scale and

over many years, we are concerned with total anwagr fluxes and with changes in the

total salt content of the soil over a number ofrgealn this analysis the changes in the

inorganic chemical composition or changes in theceatrations of individual ionic species
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are not reported, however they are provided in tBACHC output files. Hence, the
change in the soil sodium adsorption ratio (SAR)Id@lso be assessed for this study site if

required.

The LEACHC output file lists the simulated soilisdly at defined observation depths (30
cm, 70 cm, 110 cm and 150 cm were used here) fdr day as the salinity of the soaill
solution at the simulated water content at thaet(8aG), in units of mS/m. This salinity of
the soil solution is highly dependent on the satav content; as the soil becomes drier, the
same amount of salt is in solution in a smalleruazd of water. It is useful, when
comparing model output with either measured sdihiga values or simulations with other
hydrologic regimes (such as differing irrigatiorhedules) to convert the E®@alues to an
equivalent salinity that is independent of the swdter content, such as the salinity at
saturation water content (B or the salinity of a 1:5 soil water solution edr (EG.s).

These terms are derived from the ge@itput by LEACHC according to the following

formulae:
ECat = EG X 0/0sy
EGs = _EG x 6
S X Pp

Where® is the volumetric soil water content apglis the bulk density of the soil at that
depth. The true relationship between ECEC.s and EG is more complex and is

dependent on the composition of the solutes prasetiite soil (Shaw, 1999). However,
these formulae are considered acceptable for tladyses presented here, which only
compare solute concentrations derived by differmeghods for soil at a specified depth at

one location.

Figure 5.6 shows the soil EC at 70 cm depth, ptediaccording to a one-year simulation
of the soil profile at study site PGR1. The moaléput EG values have been converted to
ECsat and EGs values in this graph to allow comparison with E@asurements of

lysimeter leachate and 1.5 soil:water extracts fremmples collected at the study site
during the simulated period. The soil chemistryhat start of the simulation was based on
equilibrium concentrations of major ions in excharand solution phases and Gapon
selectivity coefficients derived from these as diést above. Irrigation, rainfall and ET

data applied to the simulation were as measuréthaisite during the study program. This
model’s soil hydrologic parameters were the sanferathe model calibrated for this site as

120



described in section 5.1. Figure 5.6 also showE@ measurements of lysimeter leachate
samples and soil 1:5 solution extracts for soil [gas collected from 70 — 75 cm depth at

the study site during the simulated time period.

The EC of the lysimeter leachate is indicativeld salinity of the soil solution when the
soil is at or close to saturation. Water is expedb leach into the lysimeters at soil matric
potentials between 0 kPa (saturation) and -5 KR4en the model is correctly simulating
the soil chemistry, the simulated ECequivalent shown by the blue line in Figure 5.6
should be comparable to the lysimeter leachate &Ges. The simulated Egequivalent
shown by the green line should be comparable tortbasured soil 1:5 extract EC values.
However, the starting soil chemistry was based esults from samples of soil and
lysimeter leachate collected on 20/4/04 rather tlénthe true starting date of the
simulation, resulting in the starting soil solutencentrations being higher than they should
have been at the starting date of the simulatidhis has resulted in the simulated &C
being higher than the EC of lysimeter leachate sesnp Similarly, at the start of the
simulation period, the simulated E€equivalent is higher than the E£values of soil
samples taken during that time. However, the EGilpredicted by the model shows a rise
and fall through the simulation year in line witrettrend of the lysimeter leachate samples
and is in the right range of EC values for the salinity in comparison to both lysimeter
leachate and soil solution extracts. In considenabf this, the LEACHC simulation
provides a reasonable approximation of the obsechadges in soil moisture EC over the

monitored 1-year period.

The exclusion of the effects of osmosis on rootewaptake is a weakness of the model as
applied here. In some of the scenarios modeltedhich soil salinity increased markedly,
the vegetation present would in reality have sthttetake up less water as the osmotic
potential difference changed between plant roots the increasingly saline soil. In the
extreme cases, crops may have declined and diethodel response to this should be to
either increase irrigation applications, as wouddlikely if an irrigator was responding to
crop condition, or to diminish the occurrence ofaEafter the decline of the vegetation. In
both cases, an increase in the amount of watdrersoil would have resulted, acting as a
negative feedback response to the increase isaaiity.

As the soil chemistry model is not fully calibratédcannot be used to reliably predict
absolute soil salinity values at a point in timldowever, the model does have great utility

for comparative assessments of soil salinity urmliféering scenarios and salinity trends in
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response to variations in weather, irrigation pescand irrigation water quality. The
careful calibration of the underlying soil hydrojogiodel is crucial in the application of
the soil chemistry model to ensure that the vammiin soil salinity predicted by the
chemistry model are a result of realistic fluxessofl water through the soil profile in
response to the applied rainfall, irrigation andmstranspiration conditions.
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Modelled and Measured Soil EC at 70-75 cm, Study Si  te PGR1
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Figure 5.6 Simulated soil solution EC at 70 cm déip from a one-year simulation of point PGR1, shownithEC measurements of soil solution
extracts, suction cup samples and lysimeter leacleat Blue and green lines are, respectively, the E£and EC, s equivalents of the EQ predicted by
the LEACHC simulation. Green squares are EGs measurements of soil samples taken from 70-75 criRGR1 on four dates. Blue dots are EC
measurements of samples from suction cups and leath from capillary wick lysimeters at study site P®R1. No leachate was obtained from
lysimeters or suction cup samplers between Decemband April.
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The soil chemistry simulation demonstrated belowsuthe same soil hydrology model

described in section 5.1 and the same rainfalp,caad ET conditions, applied over a 20-year
simulation. Again, the rainfall and ET conditicea® as recorded by the BoM weather station
at Edinburgh Airfield between 1984 and 2004. Timeutated vegetation coverage is of the
same rotation of three crops each year as emplioydte earlier model, based on the crops
monitored at the PGR study site. As with the dadinage flux models described in Section
5.2, the spring / summer crops are set to be aug@ied according to selected soil matric
potential trigger settings. The winter cover cismot irrigated, relying on winter rainfall

alone as was the case at the PGR study site dthengtudy period. The same inorganic
chemistry data are used for the soil, irrigatiord aainfall as were used in the l-year
simulations. The irrigation water solute compasitiis fixed for the duration of the

simulation and is initially set with concentratiealues of the major ions shown in Table 5.2.

Table 5.2 Composition of irrigation water as use in models

Ca Mg Na K Cl SO4 Alk
mmol/l mmol/Il mmol/| mmol/l mmol/l mmol/| mmol/l HO
0.72 1.40 15.22 1.13 15.33 2.13 1

This major ion composition results in a total diged solids concentration of the irrigation
water applied of approximately 1260 mg/l. Thesacentrations are based on analyses of
samples of water taken directly from the irrigatgystem at the PGR site.

The starting soil solute concentrations used insghsimulations are based on the ion
concentrations in soil samples taken in early 2004e concentrations observed will have

been due in part to the addition of solutes ifigats in the months or years prior to the time
of sampling the soil for analysis of these concidns. As further fertiliser additions are not

included in the simulations here, the total satlldeal to the soil in the simulations is probably
less than had historically been applied to theyssig. Hence it should be expected that the
the simulation predicts a decline in the soil’'sm@esalt content in the first year or two.

The graph in figure 5.7 shows the &&quivalent of the soil at a depth of 70 cm atRIGR1
study site over 20-year simulations from 1984 td40with simulated auto-irrigation
scenarios and soil matric potential triggers fagation set at -10 kPa, -15 kPa, -25 kPa and -
35 kPa. These are the predicted soil salinitiehatbottom of a model soil profile depth
segment from 30 cm to 70 cm, representing the pyimeot zone. The 70 cm depth is shown

here to be the most representative of the varigtodrsalinity within the modelled soil profile.

124



Soil EC Change over Time at 70 cm (EC 1.5 equivalent)
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Figure 5.7 Changes in soil salinity (EGs equivalent) at 70 cm depth over a 20-year simulath with automated irrigation triggered at soil matric
potentials of -10 kPa, -15 kPa, -25 kPa and -35 kParrigation water used in these simulations has aonstant TDS of 1260 mg/I.
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The -10 kPa and -15 kPa irrigation trigger scersaace the most similar to the actual
irrigation and soil moisture regime maintained bg grower at this location. Even if the
starting soil chemistry composition was somewh#edint from the true composition, a
well functioning model should start to predict séir values close to the real values after a
few years of the simulation if the soil profilepp; weather and irrigation conditions of the
model are a good representation of the real camditi That the model predicts a 70 cm
EC,5 of close to the observed values in September 281G#e end of a 20-year simulation
is a good indication that the model is representved] the soil salinity fluxes in the real

soil profile.

There are a number of significant observations that be made from the results of these

simulations:

1) It is clear that root zone salinity is higher wHewer irrigation trigger potentials
are used, it is also apparent that the degreeushithg of salts from the profile
during winter has a controlling influence on sailisity trends over the medium to

long term.

2) In the majority of years the pattern of salinityiation is comprised of a steady rise
through the summer months while irrigation is ocey and evaporation
conditions are high, then a sharp decline durirgwinter and early spring as rain
penetrates the soil profile and flushes salts tinouThis is in agreement with the
findings in Section 5.1 that the majority of drajeaoccurs due to winter rain

during low evaporation conditions.

3) In many years there is also a steep rise in salimimediately before the sharp
winter decline. This results from the leaching daw this depth of salts deposited
through the summer the soil above, occurring poahe peak time of leaching of

salts from the 30 cm to 70 cm depth segment.

4) The significant effect of the low drainage yearsnitified in Section 5.2 is seen in
1993, 1994 and 2002. Sustained salinity increaseseen to occur as a result of a
succession of relatively dry winters, such as fro®®3 to 1995. As there is no
significant winter flushing of salts in those yedo lower the soil salinity, the rise
over the next summer occurs on top of the salingg of the previous year,
resulting in a dramatic year-on-year rise in saliniThis suggests the effects on

soil salinity of a series of years of low winteatrage conditions would be severe.
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5) Conversely the effects of the years of higher érgé identified in Section 5.2 as
1986, 1992, 1996, 2001 and 2004, are to causegarldnan normal decline in
salinity during the winter. The maintenance ofl saiinity levels over the longer
term is dependent on any drier than average yeaisgbfollowed shortly
afterwards by a wetter than average year.

6) There is an upward trend in the 70 cm;E@hen the more conservative irrigation
triggers are used. Although the starting soil ciséntyn composition was based on
samples taken during April 2004, at the end ofghmmer irrigation season when
annually varying soil salinity is expected to béljaclose to its annual peak, the
predicted salinities in the -10 kPa and -15 kPaades for the same time in that

year (approx. 600 — 73(5/cmec1sequiv.) are close to the observed values.

7) The degree of winter flushing of salts is the saaregreater in the more
conservative irrigation scenarios than in the nidoreral scenarios. However, the
greater increase in EC through the summer monthsesathe longer term salinity
growth trends in the more conservatively irrigat28l kPa and -35 kPa scenarios.

The range of soil salinity even for the -10 kPansiceis high compared to soil salinity that
would be recommended for peak production of vedetalbps (Shaw, 1999 after Maas
and Hoffman 1977), and is well above ideal growomgditions in the -25 and -35 kPa
scenarios. These are reflective of the tendencysdd salinities to be high in the NAP
horticultural area and may explain why growersha tegion tend to adopt rather liberal
irrigation strategies. At these soil salinity l&s/glant roots have to take up water against a
considerable osmotic potential in the soil solutidBy keeping the soil moisture content
high, the grower helps to firstly dilute the salion and, secondly, reduce the moisture
potential against which the plant roots have t@ tag water. Any increase in soil salinity
above the current levels at the PGR location, andlesly high levels at other study
locations would be detrimental to crop productivityence, the higher overall salinity and
the rising trends of these predicted by the modeltlie -25 kPa and -35 kPa scenarios
need to be avoided. The dilema presented hereebatwroviding enough irrigation to
flush salts from the soil profile and being sufficily conservative to prevent water table
rise is not uncommon in situations where irrigatedps are grown over shallow water

tables.

These simulations suggest that, to maintain sdithisaat a reasonable level, the most

appropriate soil moisture regime with this soil ardp rotation cycle is achieved with
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irrigation events triggered at soil water contemntgere matric potential is around -10 kPa
to -15 kPa. As shown in figure 5.1, this is clts¢he soil water content maintained by the
grower at study site PGR and probably reflectsgituever’'s experience of the amount of
irrigation required to maintain the soil salinitycacrop productivity at that site. However,
this irrigation regime demands a larger amountregation water than would normally be
required for these crops and results in highemaige fluxes, which in some areas of the
NAP may be contributing to rising groundwater laveVegetable crops in sandy loam soil
such as these would more commonly be grown witht mmme soil matric potentials
maintained between around -30 kPa to -45 kPa (Sh@@9 after Maas and Hoffman
1977).

An ideal irrigation policy for this location woulde one in which the amount of irrigation
water applied is sufficient to maintain root zonatnt potentials around this range while
also maintaining root zone salinity levels closetltose maintained with a soil matric
potential trigger of -10 kPa to -15 kPa. The memance of low root zone salinity could
be achieved, even when lower irrigation triggereptibls are used, either by using
irrigation water of a lower TDS concentration or ipyroducing irrigation during winter

seasons even when the crop in place does not eefuirSuch irrigation events may be
more effective in achieving flushing of solutesnfrahe soil profile than the maintenance
of higher soil water contents during the summergnvithe high ET conditions prevent

significant drainage from occurring.

To test these possibilities, two further 20-yeanidations were run. The first uses the
same irrigation settings as for the -35 kPa autgation scenario described above, but
with the addition of auto-irrigation of the winteover crop, with the irrigation trigger set
at a high soil matric potential value of -10 kPan auto-irrigated winter cover crop does
not require much irrigation water as the soil watentent is generally high during the
winter because of rainfall and lower ET potenti@he low irrigation trigger potential of -
35 kPa for the spring/summer crops ensures a\velgtiow irrigation water requirement
overall. The addition of winter irrigation takescaunt of the earlier findings that it is
winter flushing by rainfall that is critical in maaining soil salinity levels. Applying
irrigation to maintain the high water content evesipter increases the flushing that occurs
during average winters and ensures some wintehnifigsof salts occurs even in the drier

years.
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The 70 cm EGs equivalent resulting from this scenario is showrkigure 5.8. Over the

20 years of the simulation, the solil salinity tremiih this scenario is approximately the
same as for the -15 kPa irrigation trigger scenaridowever, because the summer
irrigation trigger is -35 kPa, the average annuaation water demand of 480 mm/y
(Table 5.3) is significantly lower than the 662 myrfdr the -15 kPa trigger scenario, and
only a little more than the demand of 447 mm/ytfa -35 kPa scenario without the winter

irrigation.

This decrease in irrigation demand compared to-iiekPa scenario results from the
decrease in evaporation achieved when the -35 kiRmtion trigger is used for the
spring/summer crops. The average annual drainageeduced under this scenario,
lessening the impact on groundwater. Furthermibre,lower volume of irrigation and
lower evaporation also reduces the amount of sddied to the soil during summer.
However, while the longer-term soil salinity treimcthis scenario is acceptable, it rises to a
higher peak each summer than the -15 kPa scendrioh may be detrimental to summer
crop productivity. The graph in Figure 5.9 showsvlsignificant this is to the overall salt
content of the soil profile. Although the simutatiindicates that the summer peak;EC
value at 70 cm is higher with this scenario thathwie more liberal irrigation scenarios,
the overall mass of salt in the profile betweem@ 410 cm depth is maintained at a lower
level with this enhanced winter flushing scenat@ant for any of the previous four
scenarios with summer irrigation only. This is &@ese less irrigation-borne salts are

accumulating in the soil profile over time with teehanced winter flushing scenario.

Table 5.3 Water flux components with scenarios tésd to determine soil root zone salinity
development

70cm EC 15 Salt added to

Irrigation  Irrigation +  Transp. Evap. Drainage after20yr  soil profile
Irrigation policy (mmfy) rain (mmly)  (mmly) (mmly) (mmly) (uS/cm) (g/m2ly
-10 kPa trigger 885 1314 472 726 120 389 1115
-15 kPa trigger 662 1092 475 555 66 538 835
-25 kPa trigger 509 939 483 435 25 727 641
-35 kPa trigger 447 877 487 389 5 754 564
-35 kPa with winter flush irrig. 480 910 470 419 26 509 605
-35 kPa with low salinity irrigation 447 877 487 389 5 457 282
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Soil EC Change over Time at 70 cm (EC 1.5 equivalent)
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Figure 5.8 Changes in soil salinity at 70 cm deptover a 20-year simulation with varying irrigation trigger potentials and irrigation water TDS. Data
shown in green is for 20-year simulation with theame three crops though each year as for the otheinsulations, but with auto-irrigation of the winter
cover crop with an irrigation trigger set at -10 kPa soil matric potential. Data shown in dark grey & for a simulation with a -35 kPa auto-irrigation
trigger but with irrigation water of half the TDS o f that used in the other simulations.
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The final scenario trialed with this model also suslkee -35 kPa auto-irrigation trigger, but
instead of applying winter irrigation, the salinfyDS) of the irrigation water is reduced to
half that applied in the previous scenarios. Téigtended to represent a situation in which
the reclaimed water supplied by the Virginia PipeliScheme is significantly improved in
qguality, by means such as partial desalination.is Beenario has the dual benefits of low
volume as well as low salinity of irrigation wateesulting in much less dissolved salt added
to the soil than any of the other scenarios. Hsellting development in the simulated 70 cm
ECi5 is remarkably similar to the outcome of the pregicsimulation with the enhanced
winter flushing irrigation. Root zone salinity sggnificantly lower for the first ten years of
the simulation, but then for the following ten y®& approximately the same as for the -35
kPa scenario with enhanced winter flushing. Agtirs leads to a higher summer soil salinity
than for the more liberal irrigation scenarios, fmltows an acceptable long term trend over
the 20-year simulation period. In this scenarl®e salt added to the soil profile in the
irrigation water is half that of any of the otheesarios (Table 5.3).

The benefit of lower salinity irrigation water itearly demonstrated in the graph of the total
root zone salt content shown in Figure 5.9. Witiwn years from the start of the simulation
the total root zone salt content has dropped t® tlesn with any of the other scenarios, then
follows the same trends but at significantly lowedues than any of the other scenarios
tested, and at the end of 20 years has a signifycianver solute content than any of the other

scenarios.

The low salinity irrigation water scenario creates average annual irrigation demand and
drainage that is as low as any of the scenaridedesd results in the lowest amount of salt
added to the soil profile overall. However, itspbgation in reality is dependent on
considerable financial investment in the irrigatiwater supply infrastructure. A scheme in
which summer irrigation is reduced and winter iatign of cover crops is applied to enhance
winter flushing may provide an acceptable outcoroe doil salinity development under
broadacre conditions on the NAP, without the nemdldrge investments in water quality

improvements.
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Figure 5.9 Changes in the total solutes in the isprofile from 0 to 110 cm depth over a 20-year saulation with differing automated irrigation

scenarios.
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5.4 Conclusions from Application of Models at thé?oint Scale

In the soil, crop, weather and irrigation condigdn a broadacre horticultural setting on the
NAP, significant drainage through the soil profdecurs mainly during winter, when the
majority of land is not irrigated. This drainagedaused by winter rainfall, occurring when
the potential for evapotranspiration is at its lstveHowever, the drainage occurring in winter
significantly increased if land is irrigated thraduthe summer because the soil has a lower

moisture deficit to be replenished before draineaye start to occur in winter.

The amount of drainage occurring each year is higiariable and dependent largely on
winter weather conditions. However this amounpa®rly correlated with annual rainfall,
such that annual rainfall cannot be reliably useda@a indicator of the degree of drainage

likely to have occurred in a particular year.

These findings demonstrate the importance of arreapgiion of temporal scale in the
analysis of soil water drainage: long term trends difficult to predict from a short term
analysis. A one- or two-year analysis of draineggulting from a particular soil, crop and
irrigation combination may provide a misleadingigadion of average annual drainage fluxes
in even the most well-controlled irrigation condits. However, analyses of cumulative
drainage, evapotranspiration and irrigation amoonts a simulation period of twenty years
show that inter-annual fluctuations in responsetofall and potential ET conditions, become
less significant in the long term trends of theadables. Hence, long-term average annual
water use and drainage estimates can be maderéhatd@pendent of annual fluctuations in
weather at this site, assuming similar inter-anmliadate variability in future. This may be

particularly useful for regional natural resourcanagers.

The benefits of sensor-controlled irrigation paiican be assessed for a given combination
of crop, soil and climate, using the methods dbscii For the soil, crop and climate
combination modelled in this study, it was foundttihwhen using automated irrigation
triggered by soil matric potentials, small changeshe matric potential trigger point create
large changes in the amounts of drainage, evaparaiid irrigation water used. However,
there is a threshold around -25 kPa beyond whicthdu reductions in irrigation trigger
potential create insignificant improvements in aggr annual water use, evaporation and

drainage.

While it is the amount of irrigation water appliddring summer that governs the amount of

salt added to the sall, it is the degree of winbeinage flux that governs the amount of salt
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that drains from the soil root zone. The highlyiafale drainage flux during winter is the

primary influence on the variation of soil salinityrhis results in large seasonal fluctuations
in root zone salinity, because of the seasonalreatiithe effective drainage, and large inter-
annual fluctuations due to the highly variable @egof soil flushing and drainage each

winter.

In the soil, crop, weather and irrigation condison broadacre horticultural setting on the
NAP, if high soil water contents are maintained $ammer crops, the longer term trend in
root zone salinity can be kept stable. Howevespif water contents are maintained at more
typical levels for vegetable crops, the removasafites from the soil profile is less effective
because of the reduction in flushing and drainagence the longer term trend in soil salinity

is upward, even though the amount of salt appbetthé¢ soil in irrigation water is less.

An irrigation regime that maintains root zone n@apotentials around -10 to -15 kPa may
maintain root zone soil salinity at an acceptaldeel, but demands a large volume of
irrigation water and results in larger drainageeasmns to the underlying water table. If
irrigation water with significantly lower salinitys available, its use, even with a more
conservative irrigation strategy, results in low@st zone salinity and consistently lower mass
of salt in the soil profile than can be achievethvany irrigation strategy with higher salinity

water.

Adopting a more conservative summer irrigation @oltombined with the enhancing of soil
flushing by over-irrigating during winter may bepeactical compromise that achieves lower
overall root zone soil salt content while usingsl@gter than typical current NAP irrigation
practices.
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CHAPTER 6: APPLICATION OF MODELS AT CATCHMENT
SCALE

This chapter describes a methodology to distrithiemodels across the whole study area
of the NAP to provide a tool for a catchment scalealysis and natural resource
management based on the water flux models desadnb@dapters 4 and 5. An application
of this methodology to the NAP is described, usiog hydrologic data generated from the
laboratory analyses and field program together Vaitiuscape data available from existing

natural resource databases.

6.1 Considerations When Up-Scaling Models

The one-dimensional models demonstrated in Chd&ptaecome more useful for natural
resource management if they can be extended toideropredictions for a large

heterogeneous area. The one dimensional modelbeaapplied at the scale of an
individual plot if the variability of parametersrass a plot are quantified. Alternatively an
assumption of homogeneity can be made for the altinty parameters over the extent of
the plot if the representivity of the model outmitreated with sufficient caution.

When scaling up beyond the plot scale, the samengdsons of lateral homogeneity

cannot be assumed as there are likely to be chandasd use, soil type, climate, and

slope. Similarly, it is unlikely that a full quafitation of the lateral variability of many

parameters will be possible. For the modellingpydrologic and hydrochemical processes
in the soil zone over a large area, a true threeedsional model is not appropriate as the
zone of interest is so much greater in lateralrexdiean in depth. Over the approximately
12,500 ha of the Northern Adelaide Plains, the2metres of the modelled soil profile has
a area-to-depth ratio similar to an A4 sheet ofepag-urthermore, within the unsaturated
zone, in which vertical hydraulic gradients areayally much greater than horizontal ones,
the horizontal fluxes of water and salt are neplaiover this scale. Hence a distributed
one-dimensional model, in which the controlling graeters are changed according to a
discretised model of their changes across the tapes is more appropriate than a three-

dimensional model.

The decision to upscale the modelling process ig Way necessitates either a large

amount of data for each of the controlling varigbiea the model, or a large scale
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categorisation of variables derived from knowleddgehese in the study area. With the
categorisation of parameter values and discretisaif the study area into land area units
defined according to their combination of land euteristics (e.g. soil types), there is an
inevitable increase in the potential error of thedel in its simulation of any point in the
landscape. However, the resulting model is oftgvalue for comparing scenarios. While
the absolute values of outputs for any particu@niin the modelled landscape may have
a large margin of error, over the larger area, wisestimates of the direction and

magnitude of change between two modelled scenareopossible.

In order to expand the one-dimensional models exedhihere to a large and
heterogeneous area we must examine the effecter@ralising parameters measured at

points in the landscape, across relatively largasr

Bloschl and Sivapalan (1995) identify three compisef the analysis of scalsupport
spacingandextent Supportis the area (or time) over which a measurementages the
underlying conditions, or over which a model asssiim@mogenous condition§pacingis

the separation between points at which measureraeatshade, or between computational
points in a model. Extentrefers to the total area (or time) covered byrttgasurements or
model. Measurements of soil moisture charactesstan generally only be considered to
have a spatial support of a few centimeters. Bwisture probes or tensiometers, and
laboratory measurements of soil cores provide ketainformation on the hydraulic
characteristics for a small sample of soil that maly be representative of soil at the point
where the measurement or soil core is taken. Thesasurement techniques can be
applied at a large number of points in a given amearder to reduce the spacing between
each support area to which the measurement aphiesh techniques are commonly used
to determine the variability of soil characterista&cross a study area (Biggar and Nielsen,
1976; Braud et al., 2003). With this variabilityantified, an average of each hydrological
parameter may be found, together with variancet$intio provide data for which the
support may be considered to be the whole study are

An approach such as this, if applied to an ared sag the NAP would require an
impractical number of centimeter-scale measurenpentts to assemble a database of

average hydrological parameters and their variéinats, for all land parcels in the region.
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In estimating the flux to the water table over agéa area, the outcome required is
essentially the balance between water falling @enstbil, water lost to evapotranspiration,

and change in soil water storage:
Vertical soil water flux = Rainfall + Irrigation ET —Astorage — Runoff

In the simplest analysis of such water balancegitierence between rainfall plus average
irrigation applied to the area and an average HEimase for the area provides an
approximation for the net flux to groundwater. FlEimple water balance relies on a
highly generalised approximation of ET, preparethauit consideration of temporal and
spatial variations in soil water availability due tariations in irrigation, crop cover and
soil hydrologic characteristics. The most detad@alysis of such a water balance would
involve measurements of soil hydraulic charactiessat multiple points in every parcel of
land to determine average parameters and variamds bs described above. Similarly,
the crop cover, irrigation, and rainfall in eveant parcel would have to be monitored and
recorded. A model could then be applied that datess the proportion of each water
application that is lost to ET while consideringtbpotential ET and the water available at

the soil surface and in the root zone.

The latter analysis is impractical to apply in aepaawith the size and variability of the
NAP. A compromise must be found between the sist@d most detailed approaches

and its effectiveness tested.

If the outcome of the detailed approach descrillEya is considered, one would derive a
water balance for each land parcel and the sunmesfet would provide the total flux to
groundwater for the whole area. The results cdldh be used to determine the most
significant factors contributing to the annual flux all land parcels. Armed with this
information, a simpler model could be developed thauld incorporate detailed data for
only the most significant parameters and approxonatfor less significant parameters. In
developing a practical approach to a regional egénof areal recharge, a key challenge is
to determine which are the most significant paranmseaind which can be approximated,
without the benefit of such a detailed model.

To enable estimates of areal flux over a largeardble area such as the NAP, we must
be able to consider the data used in our estimabidrave a spatial support that is at least
as large that implied by a land use map of the.ar€hat is, each data item for each
parameter involved in the water flux calculationstnibe applicable to a whole land parcel
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or an area that contains a number of land parc@lse characterisation of the spatial
variability of soil hydrologic characteristics assa large area requires considerable time
and effort. However, such detail may not be regfiivhen trying to determine only the
annual net downward flux. In field conditions segarameters are more influential on
the soil water balance than those related to sgirdulic characteristics, including the
irrigation amounts and timing, crop cover developmand weather-related parameters
that determine potential evapotranspiration. mftlilowing analysis, these parameters are

considered to have a spatial support equal intsiiee individual horticultural plot.

The main influences of the hydraulic characterssttthe soil profile are in their effect on
the rate that water infiltrates into the soil oalsle to evaporate out of the soil, and the rate
that it is able to drain through the soil profiledabecome unavailable for evaporation or

transpiration.

Analysis of the output of soil hydrologic modelsnstructed to represent soils at study
sites in the NAP indicates that two componentshef $oil profile: the water retention

characteristics of the upper-most 5cm of the sl the hydraulic conductivity of the

low-permeability layer below the root zone; havenach greater influence on net flux to
groundwater than either the soil water retentioaratteristics or hydraulic conductivity in

other parts of the soil profile.

The soil hydrological characteristics of the uppesm are more dependent on the type of
cultivation of each land parcel than on the patéicsurface soil type prevalent in the area.
For example, with vine or tree crop cultivation gweface remains largely undisturbed for
long periods, whereas with broadacre vegetable cutpvation, the soil surface is tilled
between 2 and 6 times each year. The latter e2Buli soil surface that is more loosely
consolidated, with greater porosity and lower higksity, and consequently very different
soil hydraulic characteristics. Thus in the caseth® NAP, soil surface hydraulic
characteristics may be more influenced by landrasiger than by regional variations in
soil types. The soil surface hydraulic charactessfor each land parcel may therefore

also be considered to have a scale support ofdarzkl size.

The variation of the hydraulic conductivity of thew-permeability B-horizon remains to
be examined. The effects of sodicity and clay elisjpn in this clay layer must be
considered as these factors may cause the condlycivthe layer to vary temporally as

well as spatially. A prerequisite to any field éguof this variation will be a thorough
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analysis of the effect of variations in the condutt of this layer on annual net vertical
water flux predicted by the soil water transportd@lo An existing soil map of the whole
NAP area (Matheson and Lobban, 1975) describegahation in thickness and texture of
the sandy-loam A-horizon across the area and tpéhde the interface between the A-
horizon and the clay B-horizon. This map providegsmplate for the generalisation of soil
hydrological conditions across the area.

6.2 Methodology for Applying Models to the Whole gidy Area

The catchment-scale analysis applies the one-dioradsmodels described in Chapters 4
and 5 to a large number of discrete land areashndnie defined by a combination of the
soil type and land use present. For irrigatedcadjural land uses, an irrigation schedule
or policy was also defined for the crop type. tHrsthematic maps of the spatial
distribution of attributes (hereafter ‘spatial \&doies’) such as soil profile types and land
use types, that may affect the soil water balant@mthe study area, are generated using
a geographic information system (GIS). In the modtlused here, vector-based GIS
coverages were converted to raster coverages will@nGIS, prior to being output as
ASCII text-based raster files. The raster fileshedescribe the spatial distribution of a
single attribute over a geographical area thatoimmon to all raster files. A modified
version of the LEACHP program, termed LEACHPG (Hutet al., 1997), reads the raster
files and performs an operation to effectively daygrthe raster images and encode each
raster cell with the unique combination of the mpavariables identified in that cell
location. This process is conceptually illustrateéigure 6.1.

The input data for LEACHP are contained in sepadata files for soil profile hydrologic
characteristics (SOIL.xxx), initial soil chemistflPROP.xxx), crop cover (CROPS.xxx),
irrigation (IRRIG.xxx), chemical applications (PMARNxxX) , rainfall (WEATH.xxx), and
reference ET data (ETRAN.xxx). Several versionseath data file can then be
constructed for as many different soil profile tgperop types, irrigation types and weather
regions as are to be included in the analysis. OB&CHPG model requires that input
data is prepared in individual data files for edelta type so that data can be included for
each identified class of each spatial variableteygan the study area. These data files are
identical to the corresponding sections descriltingse variables within the standard
LEACHP data file described in chapter 4.1. Sepamadf the sections into separate data

files allows a number of variations of each dafaetyo be described in individual data
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files. For example, in the simulation describedséttion 6.3 (page 131) there are seven
soil profile types defined in seven separate deedtaoil profile description data files, and

eleven land cover types defined in eleven crop icdescription files.

The LEACHPG model constructs and runs the LEACHPdehofor each unique
combination of spatial variables identified by trester file overlay process described
above. The flowchart in Figure 6.2 describes theles LEACHPG distributed modelling

process.

LEACHPG reads the data in the first cell of eaclthef soil, land use and irrigation rasters
and assigns a code to that cell position, repreggtiie combination of the first cell value
in each raster. It repeats this for each cellhim tasters and then performs a LEACHP
simulation for each unique combination code idédif taking the data required for the
simulation from the spatial variable data filesigeated by the raster cell’s combination
code. LEACHPG creates output files (.OUT, .SUM aBd@C) for each simulation, with
the same format as the corresponding output fites 2 LEACHP simulation. The output
files are named by combining the land use, angation category number (two digits
each, allowing up to 100 categories) with the saiinfall, ET, chemical application and
soil chemical properties category numbers (singégtsd allowing up to 10 categories).
For example, files resulting from a simulation ofcambination of soil class 2, soil
chemistry class 1, land use class 12, irrigatias<l12, and with uniform ET and weather
classes of 0 for the whole study area, would creatgut files 21121200.0UT,
21121200.SUM, and 21121200.BTC. After all comboratsimulations are complete,
individual output variables, such as root zonerdrge, may be written to raster image files
and read back into the GIS to create maps to trdltesthe variation of that variable over
the simulated study area. Finally, LEACHPG creatdsxt file (SPREAD. OUT) which
lists totals over the whole simulation period foater and chemical balance components

for each combination simulated.
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Figure 6.1 A GIS coverage of soil profile typeg (g overlain by a coverage of land use (B) andrégation coverage (C) for the horticultural distrof the NAP . The
intersection of the three coverages results inverame (D) containing over 4000 individual landgedsé defined by their combination of soil, lane,.end irrigation types.

More than one parcel can have the same soil/laedasmbination but parcels with this commonality gatially separate.
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6.3 Catchment-Scale Annual Water Balance Derivedrdm a 20-Year Simulation
Distributed Across the NAP Agricultural Area

A catchment-scale assessment of the whole NAP dudtiral area was achieved using
seven soil profile type descriptions and 11 lané ugategories. Soil descriptions are
derived from a combination of the soil profile deistons in the Northern Adelaide Plains
Suitability of Land for Irrigation map of Mathesaa Lobban (1975), and soil profile
hydrologic characteristics are taken from the poifile description of the most reliable
LEACHM models of the PGR study site. The thickmasssf each soil horizon in each of
the seven soil profile types is determined from dlescriptions of the seven soil profile
types listed in the Matheson & Lobban (1975) mApeas of the respective soil type zones
are derived from a GIS coverage in the Primary $tdes and Resources, South Australia
(PIRSA) 2002 state soils database. The zonesePRHRSA soil map are coincident with
those on the Matheson & Lobban map, and are asstonkdve been derived from the
latter.

Vegetation coverage for the various land uses wasssed according to observations at
the various study sites, together with a synthdsisgetation coverage for natural grass
and weed growth. The vegetation coverage for @adacre vegetable growing land is
intended to simulate the crops grown at the PG&diting the monitored period. Other
synthesised vegetation coverages are used fomgvamp rotation, urban residential, and
rural residential land use categories, as wellcdtegory of “other minimal use”, which is
a generalised category for farm tracks, yards ahdresmall areas of minimal vegetation

coverage.

Rainfall is the same for the whole region and Udgsg/ears of data from the Edinburgh
SILO weather station. ETo is calculated accordimghe Penman-Monteith (FAO 56)
method using weather data from the Edinburgh SiLéativer station with a daily time

increment.

For irrigated land uses, a simulated irrigationesoh is applied wherein the crop is
irrigated after the soil water potential falls tosat trigger potential. Once irrigation
commences, due to a trigger potential having beaohed, it will continue until sufficient
water has been applied to fill the soil to sataratio a chosen depth. The trigger potential
is set according to the crop type. For vegetalpsthe trigger is -10 kPa, which results

in a soil water potential while crops are in pldbat is similar to that observed at the
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vegetable study sites. Lower trigger potentialsreweised to simulate the more
conservative irrigation applied to in areas ofgated perennials (almonds and olives) and

grape vines.

Two simulations of 20 year duration have been cetepl one intended to represent the
current coverages of crops and current irrigaticaciices across the NAP region, and one
intended to represent the same area without igthénd uses. The latter simulation is
intended only to provide an indication of the pndgjmm of drainage that can be ascribed to

horticultural practices in the study area.

In reporting the results of this analysis, we hawvenake a distinction between drainage
flux and volume. The flux is considered to be fhdimensional transfer of water over
time and here is measured in mm/year. The volantiea flux multiplied by the area over
which that flux applies and is reported for a gitene period in megalitres (ML). This
distinction is illustrated in Figure 6.4, which st® separate graphs of drainage flux per
year and drainage volume per year for the 11 diffeland uses and 7 different soil profile

types employed in the model.

The total land area covered by the model is 12&§1which is divided into eleven land
use categories as shown in Table 6.1 (page 13fong the land use categories described
in the model, only three have irrigation appliedths simulation, these being broadacre
vegetables, irrigated perennial horticulture, whiohthe NAP area mostly represents
almond tree cultivation, and irrigated grape vineBhe category of irrigated broadacre
vegetables includes a variety of vegetable typeht s1$ carrots, potatoes, brassicas, and
onions. The study area cannot be divided into aselas of these individual vegetable
types for a long-term simulation because vegetatup types are rotated on each area of
vegetable growing land. Commonly more than one typvegetable will be grown on a
plot of land in a singe year. For the purposethisfsimulation, all the broadacre vegetable
areas have been treated with the same annualorotatia carrot crop, potato crop and
barley cover crop as used in the single-point sitmhs described in sections 5.1 to 5.3.
The total area of the three irrigated landuses his simulation is 3603 hectares,
representing 29% of the 12561 hectares coveretiggimulation. The land area covered
by the simulation is also divided according to seven soil profile types identified
identified by the PIRSA 2002 database. The aré#iseovarious combinations of land use

category and soil profile type are illustrated igufe 6.3.
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Land areas for landuse & soil type combinations
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Figure 6.3 Areas of the 11 land use categories ardil profile types incorporated in the 20-

year simulation. Land use categories are numbered:. Grazing/crop rotation, 2. Roads, 3.
Irrigated broadacre vegetables, 4. Other minimal se, 5. Rural residential, 6. Irrigated
perennials (almonds), 7. Irrigated vine fruits (gape vines), 8. Glass houses, 9. Shade houses,
10. Urban residential, 11. Defence facilities.

The majority of land in the study area is in thazgng/crop rotation land use category,
which represents land that is either used perdgniai grazing or is rotated between
grazing and fodder crops or nitrogen-fixing landvexo Second in land area to this
category is the irrigated broadacre vegetablesgogge The other irrigated land use
categories, of irrigated perennials (primarily alrddrees) and vines, are relatively minor
in area and similar in overall area to roads, ruealdential land and a grouping of other
miscellaneous areas of minimal use. The distroudif soil types is fairly similar between
these categories closely related to the distributibthe total area of these soil types in the
study area. Soil types 1,2 and 3 are sandy loaredying a clay subsoil, type 1 having
the deepest sandy loam and type 3 the shallowetbiesé three. Soil type 2 is the most
favoured for irrigated horticulture in the NAP. iSgpe 1 is also favoured but is limited in
extent, and hence does not represent a large pimpaf the area of any of the land use
categories. Soil type 5 is a dark cracking clay@o the Gawler River floodplain. Types
5 and 3 are adequate for horticulture and are skteracross the study area, which is why
they both represent fairly large areas of the @teg horticultural and grazing land use
categories. Types 4, 6 and 7 are less suitablerigated horticulture and represent only

small areas of these land use categories.

In the rural residential and miscellaneous categothe majority of the land is commonly

left to for development of grass and weeds. Inwhele-area model, these are given a
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common vegetation cover description intended toukite grass/weeds growing through
the autumn and winter and then senescing in lategspnd summer.

6.3.1 Whole area model output.

Table 6.1 shows the annual mean quantities ahtings and outputs of water to the whole
study area, distributed across the eleven lanctatggories. The values shown are annual
The high

degree of annual variability that is typical foetle water flux volumes was demonstrated

averages of the total water volumes determined fiioen20-year simulation.

in Section 6.2. It must be considered that in ang year, flux volumes may differ

markedly from the mean values shown in Table &@inulated runoff was less than 0.5%

of rainfall and is not included in the table.

Table 6.1 Summary of output from 20-year whole ar& simulation

Mean Mean Mean
Annual Annual Mean Annual
Land Use Total Annual Irrigation | Drainage Annual Transp
ID Land Use Description Area (Ha) | Rain (ML) (ML) (ML) Evap (ML) (ML)
1 Crop/grazing rotation 5522 23186 0 2155 1680 19355
2 Roads 568 2383 0 633 1751 0
3 Irrigated vegetables 2562 10708 21856 3003 17828 11740
4 Other minimal use 667 2801 0 444 1580 778
5 Rural residential 627 2633 0 246 187 2201
6 Irrigated perennial hortic. 662 2770 4816 456 3011 4120
7 Irrigated vines 378 1587 1989 205 1303 2068
8 Glasshouses 214 896 0 536 360 0
9 Shadehouses 72 303 0 102 201 0
10 Urban residential 363 1527 0 69 576 882
11 Defence facilities 925 3896 0 340 276 3281
Whole study area totals: 12561 52692 28661 8188 28752 444 25
Irrigated areas totals: 3603 15065 28661 3663 22142 17928

There are a number of notable observations thabeamade with regard to the values in
Table 6.1. The simulated mean annual drainagenwlior the whole study area over 20
years is 8,188 ML/year. The annual drainage voltmom irrigated areas alone is 3663
ML.

volume.

Irrigated areas represent 29% of the totabamaed generate 45% of the drainage

The greatest proportion of drainage from irrigatadd uses results from the irrigated
vegetable category. This is because these occgpgater area than the other two irrigated
land use categories and because irrigated vegdtaliieulture generates greater drainage

fluxes than perennial horticulture land uses. €hmsantities are illustrated in Figure 6.4.

Evaporation from the soil surface is significarghgater in areas of irrigated land use than
in other areas. Over the whole study area, trazispn is greater than evaporation. But
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within the irrigated areas, evaporation is sigaifity greater than transpiration. This is
because of the large amount of water applied irstiemer months in irrigated areas and
because of the cycles of crop growth and removahanirrigated vegetable horticulture
areas, leaving the soil exposed for part of eaein. yin areas of grass or natural vegetation
cover, the soil surface is covered with vegetafamnthe whole year, allowing year-round
transpiration to occur across the whole land setfa€igure 6.4 further illustrates how
drainage fluxes and annual drainage volumes atghdited across different land uses and

soil profile types.

Annual drainage flux (20-year mean)
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Figure 6.4 Annual average drainage fluxes and draeige volumes for the each land use / soll
type combination (refer to Figure 6.3 for land usecategories)

The results illustrated in Figure 6.4 suggest thfierences in land use create significantly
more variation than differences in soil type. Withhe irrigated vegetables land use
category there are large variations in annual diggernvolumes between different soil types

because of the differences in area of the sevdmedfile types with this land use. For
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example, there is a particularly large volume ofimiage resulting from irrigated
vegetables on soil type 2 because of the combmatiaelatively high drainage flux and
large land areas with this soil and land use coatlon. Of the irrigated horticultural land
uses, the three that create the highest drainagesflwere irrigated vegetables, ranging
from 103 mm/yr to 128 mm/yr depending on soil tyflowed by irrigated perennials
(mainly almonds), ranging from 61 mm/yr to 74 mmijen irrigated grape vines with 48

mm/yr to 61 mm/yr.

Areas with no vegetation have the highest drainfdgees, particularly roads and glass
houses, which are treated in the model as mostheiaious surfaces from which runoff is
channeled, reducing evaporation and enhancingratfdn. Areas of grazing/crop rotation
have low drainage fluxes but have the highest dggnvolumes because of their large

areas.

The 3663 ML mean annual volume of drainage fromitgated land is approximately 45
% of the annual mean drainage volume of 8188 MLtier whole area covered by the
simulation. As discussed in Section 5.2, drainfagees can vary by more than one order
of magnitude from year to year. Hence when intgipg the annual mean fluxes stated
here it must be considered that the annual fluang one year may differ significantly
from the 20-year mean. The single point simulaioiscussed in section 5.2 showed
standard deviation values of up to 59% of the naarual drainage for irrigated vegetable
crops with sensor-controlled irrigation. The caabéhis variation is the annual variability
in rainfall and ET conditions, and this variabilitgn be expected to occur across the study
area. Hence, similar inter-annual variations aqeeeted in the annual drainage for the
whole-area. A SD of 50% of mean annual drainadeegafor all the areas of irrigated
vegetables in this simulation would result in ageamf annual drainage values from 54.5

mm/yr to 192 mm/yr.
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6.3.2 Whole area water balance

Using mean annual water volumes from the 20-yeaulgsition the annual water balance is

as follows:

For the whole study area:

Rain + Irrigation = Drainage + EvaporatibriTranspiration + Runoff ASoil storage
ML.:

52692 + 28661 = 8188 + ZB7 + 44425 + 221 223

%:

64.8% 35.2% 10.0% 5.4% 54.6% 0.3% -0.3%

For only the irrigated crop areas:

Rain + lIrrigation = Drainage + Evaporatiorlranspiration + Runoff ASoil storage
ML:

15065 + 28661 = 3663 + 142 + 17928 + 113 120

%:

34.5% 65.5% 8.4% 50.6% 41.0% 0.3% -0.3%

The average percentage of water going to drainage the irrigated areas is quite low at
only 8.4% of the total (irrigation and rain) waterslume. However, this drainage volume
is 8.4% of a much larger volume of water that wolikye been received by these areas

prior to irrigation, hence drainage fluxes are éacgmpared with non-irrigated areas.

This simulation provides an estimate of the retafiwoportions of the components of the
whole-area water budget according to the curremd lase status of the NAP area. It is
useful in considering the present-day water budgédiave an indication of how it may
differ from that which would exist in the absenderdagated agriculture. In a repeat of
this simulation, all the land use areas that culydrave irrigated crops have been replaced
with areas of natural vegetation growth. This hiaved by replacing the crop
descriptions for the irrigated horticultural landes (irrigated vegetables, perennials and
grape vines) with a vegetation cover descriptioprasenting natural grass and weed
growth and deleting the simulated irrigation foesk land uses. Table 6.2 summarises the

output of this alternative simulation. The resdtivater balance is as follows:

Annual water balance for the whole area withougation:

Rain + lIrrigation = Drainage + Evaporatiorlranspiration + Runoff ASoil storage
ML:

52692 + 0 = 5397 +7207 + 40158 + 157- 227

%:

100% 0% 10.2% 13.7% 76.2% 0.3% -0.4%
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Annual water balance for the now-irrigated areasmihinder natural vegetation:

Rain + lIrrigation = Drainage + Evaporatiorlranspiration + Runoff ASoil storage

ML:
15065 + 0 = 1399 #1073 + 12656 + 51 - 114
%:
100% 0% 9.3% 7.1% 84.0% 0.3% -0.7%

Comparison of these volumes to the simulation wrdgsent-day irrigation practices shows
that total drainage volumes may have increasediderably: by 162% for the areas of
irrigated horticulture and by 52% for the wholeaaoempared to volumes draining without

horticulture in the area.

It is also apparent that when land is convertednfroatural vegetation to irrigated

horticulture, the proportion of water that is trpimed decreases significantly and the
proportion evaporating and draining increases. eNloat the volume of transpiration from
the irrigated areas is significantly greater (42%re) than from the same areas with
natural vegetation, however this volume transpresiilts from a much greater volume of
water applied, leading to transpiration being asterably lower proportion of the overall

water budget for the irrigated land.

Table 6.2 Summary of output from 20-year whole areaimulation with irrigated crop areas
replaced by areas of natural vegetation

Annual Annual Annual
Mean Mean Annual Mean
Land Use Total [Total Rain | Irrigation | Drainage Mean Transp
ID Land Use Description Area (Ha) (ML) (ML) (ML) Evap (ML) (ML)
1 Crop/grazing rotation 5522 23186 0 2155 1680 19355
2 Roads 568 2383 0 633 1751 0
3 Formerly irrigated land use 2562 10756 0 997 763 8998
4 Other minimal use 667 2801 0 444 1580 778
5 Rural residential 627 2633 0 246 187 2201
6 Formerly irrigated land use 662 2780 0 257 197 2327
7 Formerly irrigated land use 378 1590 0 146 113 1332
8 Glasshouses 214 898 0 82 64 753
9 Shadehouses 72 304 0 29 22 253
10 Urban residential 363 1527 0 69 576 882
11 Defence facilities 925 3896 0 340 276 3281
Whole study area totals: 12561 52755 0 5397 7207 40158
Irrigated areas totals: 3603 15126 0 1399 1073 12656
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Annual drainage flux (20-year mean)
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Figure 6.5 Drainage fluxes (1) and volumes (2) fahe each land use / soil type combination
irrigated crop areas replaced by areas of natural ggetation.

The simulated mean annual drainage volume for thelevstudy area with no irrigated
horticulture is 5397 ML/y. This compares to an @anmean of 8,188 ML/y in the
simulation of present-day irrigation, an area-widerease of 52 % in drainage volume

compared to the no-irrigation scenario.

Areas that now have irrigated crops (replaced is simulation with natural grass /weed
vegetation) have average annual drainage flux ah889y and annual drainage volume of
1399 ML/y. This compares with a mean annual dgenfiux of 102 mm/y and mean
annual drainage volume of 3663 ML/y over the saneaswith their present-day irrigated
land uses, an increase of 162%. Areas withowgation have the same fluxes as they do

in the no-irrigation simulation. However, theiroportion of overall drainage volumes is
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now less significant because of the considerabtyelavolumes of drainage from irrigated

crop land.

The increase in evaporation over transpirationoisverse to what would be desirable in
irrigated horticulture. Ideally, most of the wateould be transpired from the irrigated
crop and a small amount, around 10%, would be ehieg allowance intended to go to
drainage. Any water that is evaporated depotstslissolved salts in the soil while not
being used by the crop. Under the scenario sirdlaere, it would be unwise to attempt
to alter irrigation to reduce drainage since thepprtion of drainage from the irrigated
areas is already fairly low, at an average of al88at Further reductions would be likely
to lead to an increase in soil salinity over theglderm. An important objective of any
new irrigation strategy would be to reduce evaponatincreasing the proportion of water
supplied that is used by the crop, and decreabm¢otal irrigation water volume. Several
methods for reducing evaporation are availableaedlready used by horticulturalists in
the NAP area, including drip irrigation, irrigatingt night, mulching, and sub-surface

irrigation.

In the setting of the NAP, where there is an awélavolume of reclaimed water for
irrigation, there is no requirement to reduce therall irrigation water use in order to
reserve more water for other purposes. The savimggigation water resulting from
measures to reduce evaporation could then be oteliréo supply to an expanded area of

irrigated land.

6.3.3 Effects of water table depth change

The simulations described here assume a fixed veathés depth of 2.6 m across the whole
study area. While this is a typical depth for thater table aquifer under the NAP, in
reality seasonal and spatial variations may calbsenater table depth in the uppermost
unconfined aquifer to vary from this value by abaumetre, as shown by the depth-to-
water records of a number of state government ghtsen wells in this aquifer in the
vicinity of the TR and HX study sites during theipd of the field study (Figure 6.6). The
measurements from the PGR study site piezometleistyated in Figure 3.7 in Chapter 3,
showed the water table depth in that location teelseasonal variation of about 0.2 m and

spatial variation across the study site, also oaB.2 m.
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The water table depth fluctuations in the upperoaficed aquifer remain fairly small (~
+/- 1 m) because this aquifer is a thin aquifeQuofaternary silts and sand, which is not
developed for water supply. The all groundwaterdusethis area is pumped from the
deeper, confined Tertiary limestone aquifers. Tamd seasonal fluctuation in those
aquifers is not significantly reflected in the watevels of the upper unconfined aquifer.

NAP upper unconfined aquifer, depths to water table
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Figure 6.6 Water table depths in SA state governmembservation wells in the vicinity of
study sites HX and TR

It is somewhat unpredictable whether a change itewtable depth will increase or
decrease drainage fluxes. A shallow water tablg masome cases increase drainage
fluxes as the whole soil profile is maintained &igher water content, with a consequently
higher unsaturated hydraulic conductivity of thél.sdn other cases a shallower water
table may cause a decrease in drainage fluxestag hjgher soil moisture content causes
greater evaporation so net drainage fluxes are rleavel 2) the hydraulic potential
differences between the soil surface and deepklagers are reduced.

The 20-year whole-area simulation described aboas mun two more times to test the
effect on drainage fluxes of altering water talaptth to 0.5 m deeper and 0.5 m shallower
than the 2.6 m depth of the original model. Wiib tleeper water table, the mean annual
drainage volume for the whole study area increase8527 ML, an increase of about 4%
compared to the original model’'s 2.6 m water tatdpth. With the shallower water table,
the mean annual drainage decreased to 7423 MLlcraake of approximately 10%. These
changes in flux indicate that in the soil profiesiulated here, the increased hydraulic
potential differences and reduction in surface evaion resulting from a greater water
table depth has more effect on vertical water fiates than the increased soil hydraulic

conductivity that may result from a rise in soilteracontent due to a shallower water table
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depth. The implications of this sensitivity to watable depth is that if there were a
widespread rise in water tables over the modelied,ahe net drainage fluxes of water to
the water table would be likely to reduce compamethe model results described in this
chapter. This reduced drainage flux would alsaltas decreased flushing of salts from

the soil root zone and hence a rise in root zoliesatent.

6.4  Recommendations for Irrigation Management

There is scope for a significant reduction in tikéume of irrigation water used per hectare
for broadacre horticulture, and for the drainage tb the underlying unconfined aquifer to
be reduced. However, irrigation policies to ackitivis must take account of the potential

increases in root zone salinity that may result.

It is clear from the results presented in this ¢bathat a major impact of the introduction
of irrigation of broadacre crops to the NAP hasrbagyreat increase in the proportion of
the soil water budget that is lost to evaporatiofhis is counter-productive to any
irrigation scheme as it results in much of thegation water applied being ineffective and
increases the accumulation of water-borne salénroot zone. There is therefore a need
for irrigators and natural resource managers té&leéathe proportion of irrigation water
applied that is lost to evaporation. Reductionsvaporation have the potential to reduce
irrigation water requirements, and reduce the acdation of salts in the root zone without
increasing the fluxes of water draining to the uhaieg groundwater. This could be
achieved using well established methods such aswti@ice drip irrigation or mulching.
However these methods are often not practical foadecre vegetable horticulture which

requires frequent replanting and dismantling afation structures.

The proposal for winter flushing irrigation, combdhwith a more conservative summer
irrigation policy, is a possible approach to redgcevaporation in broadacre vegetable
irrigation. Such an approach should result in Bsgporation of irrigation water applied in
summer because the soil is maintained in a drigtesiand also a low proportion of
evaporation of irrigation applied in winter (fouflhing) because potential ET is lower at

that time.

The introduction of soil moisture sensor-controlegdomated irrigation has the potential
to reduce irrigation water volumes and without gigantly reducing soil root zone water

contents below levels currently maintained by gn®swe Once such systems are
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established, the irrigation trigger levels shoutdexperimented with, starting cautiously by
initially maintaining high root zone water contentf is expected that small changes in
irrigation trigger points will create large changeshe amounts of drainage, evaporation
and irrigation water used. However, there is aghold beyond which further reductions
in irrigation trigger potential create insignifidaimprovements in average annual water
use, evaporation and drainage. Low trigger paéntnay not be economically justifiable

as the risk of crop yield reductions is not balahbg a significant reduction in water use
or environmental impact. If lower root zone watentents are trialed, it is important that
root zone salinity is monitored and that any sa&tdiincrease in salinity is responded to
by appropriately adjusting irrigation applicationslowever, it may take several growing

seasons to determine a trend in soil salinity dgakent.

It is recommended that the NAP NRM authority shoeklablish a trial site in which
enhanced winter flush irrigations are trialed alomgh a fairly conservative summer
irrigation strategy. The root zone salinity insthiial site should be closely monitored and
compared with an accompanying trial site that uges same conservative summer
irrigation but no enhanced winter flush irrigationSeveloping soil salinity may become a
significant issue and a limit to productivity in FRPAhorticultural plots in the near future.
The establishment of a monitoring program for ssdllinity in irrigated broadacre

horticulture plots is recommended.
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CHAPTER 7: CONCLUSIONS

The outcomes of this research can be divided tavtoprincipal parts; 1) the development
and application of one-dimension soil water andutsolflux models for a number of
monitored study sites, and 2) extension of thesdatsao quantify soil water fluxes across

the whole NAP horticultural area.

7.1 One-Dimensional Soil Water and Solute Flux Mods

The first part of the study described a methodolimgyconstructing and calibrating models
of soil water and solute flow to achieve a reatisimulation of vertical fluxes in a number
of study sites that were monitored for up to 18 then Extending these simulations to a
period of 20 years allowed examination of the degrketemporal variability in soil water

drainage, including both seasonal variation witeach year and inter-annual variation
over a number of years. Further to this, incorponaof measured soil chemistry variables
into the calibrated soil water flux models, enabli® examination of soil salinity

development in irrigated crop scenarios with vagyimigation management strategies.

Key findings from this first part of the study, aghg primarily to the 20-year simulation

achieved using data from study site PGR, are:

1. Most drainage occurs in winter, when irrigationnist occurring. Summer season
irrigation does significantly increase annual dagi@ compared to no irrigation at all,
as it raises soil water content prior to the stéxvinter. However It is probably only
late summer/autumn irrigation contributes to thifec and promotes winter

drainage and soil salt flushing.

2. lrrigation leaching allowances in spring and summeder these soil and climate
conditions may be ineffective as high ET preventyg aignificant drainage from
occurring. The majority of the annual drainage faccurs during winter, some time
after irrigation has ceased for the year. Henae dmount of rainfall and the
evapotranspiration potential through winter arehhjiginfluential on the annual

drainage flux.

3. Drainage fluxes are highly variable from year taryeven when crops and irrigation

management criteria are identical. Although drgéengs caused mainly by winter
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rainfall, the annual totals of drainage and rainéaé not well correlated. In some
years a slightly lower than average annual rairdallses a major reduction in total
drainage, whereas in other years, low rainfall esult in average annual drainage.
This finding is significant for other studies ofdrage from irrigated soils, indicating
that a) the duration of field study or model sintigla must be sufficient to
encompass the variation, and b) variations in anraiiafall are not a good guide to
variations in annual drainage. The findings as® ainportant when considering the
possible effects of climate variability on drainaayel unconfined aquifer recharge in
this location, which could suffer a relatively maptecline if there were a small but
persistent reduction in rainfall and increase iapmtranspiration potential.

4. In general, soil root zone salinity increased iargeof low drainage. However, the
resulting elevated salinity levels are effectivetygluced by flushing during winters

when average or above average drainage fluxes.occur

5. lrrigation strategies that maintain higher soil &atontents tend to promote higher
annual drainage fluxes and maintain soil salingyels within acceptable limits.
More conservative irrigation strategies, that haeeefits in reducing groundwater
accessions and irrigation water requirements, resujreater increases in salinity,
particularly during years with lower winter rainfalHence, strategies that increase
irrigation efficiency in these field conditions rkéo be accompanied either by a
reduction in irrigation water salinity, or by stgies to reduce the proportion of

water that evaporates rather than transpires angdra

The models developed for three field study siteggest that typical drainage fluxes
beneath irrigated broadacre horticulture on the N¥&B a range extending between 52
mm/y to 201 mm/y with current irrigation practicesThe upper end of this range is
considerably less than the drainage fluxes estonayeGerges and Kelly (2002), who used
a water balance approach in their estimations aayg mave significantly under-estimated
the evapotranspiration component. Furthermore, tfuelels have demonstrated that
automated irrigation controlled by soil moisturensars could significantly reduce the

drainage fluxes that result from current irrigatfmactices.
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7.2 Extension of Models to the Whole NAP Area

The second part of the study demonstrated a melibggdor extending the one-
dimensional soil water flux models using a spatidilstributed model structure, enabling

assessment of soil water balance components daegeaand heterogeneous area.

The approach taken was to use multiple one-dimaeakionodel simulations which

encompassed the coarse spatial variations of tisd¢ape, such as differing land uses,
vegetation types, soil profile types and irrigatioractices. These contribute to a spatial
assessment of irrigation, evaporation, transpinaéiod drainage to the water table across

the whole study area.

This approach was applied to the whole study aféheoNAP using spatial soil and land
use data derived from the field study program aatesdatabases. After simulating the
soil water balance components (fluxes and voluraesjss the whole area, the simulations
were repeated, but with areas of irrigated horticel replaced by areas of unirrigated
grass, intended to represent land use in the areatp horticulture. The key findings

from this can be summarised as follows:

1. With the 2002 coverage of irrigated horticulturadeother land uses, the simulated
mean annual drainage volume for the whole studw aneer 20 years is 8,188
ML/year. The annual drainage volume from irrigateeas alone is 3663 ML.
Irrigated areas represent approximately 29% of tb&al area but generate

approximately 45% of the area’s mean annual sdiémd@rainage volume.

2.  With automated, sensor-controlled irrigation, thage of drainage fluxes under the
various combinations of soil and land use type wdid lower than those determined
for the three study sites under the observed tidggpractices. Drainage from the
modelled combinations range between 48 mm/y to @#8/y under irrigated
broadacre horticulture, including vegetables, viaesl tree crops. This range is
lower than anticipated for drainage fluxes in theseas, but is an increase of

approximately 162% compared to the estimated dgaiflaxes prior to irrigation.

3. Of the irrigated horticultural land uses included the simulation, irrigated
vegetables had the highest drainage fluxes, ranigomy 103 mm/yr to 128 mm/yr
depending on soil type, followed by irrigated pemais (mainly almonds), ranging

from 61 mm/yr to 74 mml/yr, then irrigated grapeesnwith 48 mm/yr to 61 mm/yr.
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Other land use categories in the simulation, paeity roads and glasshouses
produce more drainage flux than irrigated hortiotat categories. This is because
the model treats these as mainly impervious areas Wwhich rainwater runs off and
accumulates in a small proportion of the area, iogus high proportion of the water
to infiltrate. However, because the land area pecl by these categories is

relatively small, their total contribution to draige fluxes is also small.

Comparing the whole-area soil water budget with aittiout irrigated horticulture,
the major change in the soil water budget in thigated areas is in evaporation
rather than drainage. Drainage volumes increaged62% in areas of irrigated
horticulture and by 52% for the whole area.

The aggregation of drainage fluxes predicted leyrttultiple simulations across the
whole area suggests that, even under irrigationensontrolled than current NAP

horticultural practices, as applied in the modes, shallow aquifers beneath the NAP
may receive approximately an additional 2.26 GL pear of additional recharge

compared to prior to irrigated horticulture. THigx is considerably less than is

likely to be occurring under current irrigation ptiges in broadacre horticulture on
the NAP.

It could be argued that drainage fluxes predictedifrigated areas by the distributed

model are too low. Leaching allowances for irrgghtrops are typically expected to be

about 10% of the irrigation applied. The wholeaarsodel results indicate that average

drainage fluxes under irrigated areas with autochaénsor-controlled irrigation were only

approximately 8% of the total of rain plus irrigati This could be interpreted as

suggesting either that the soil hydrologic paramsetesed result in unrealistically low

hydraulic conductivity of the soils, or that theakieg factors applied to the reference

evapotranspiration are too high. However, in thpliaation of the distributed whole-area

model to the scenario without irrigation, which sislee same distribution of soil hydraulic

parameters across the plain and similar ETo scd#iogprs, the average annual drainage

flux for the whole area is 38 mm/year. This is @ppmately 9% of the average annual

rainfall in the 20-year period modelled, and isesasonable, or possibly erroneously high

estimate of the average recharge flux to the wetdbte aquifer under non-irrigated

conditions in such a low-rainfall area. This pa®s some confirmation that the average

conductivity of the variety of the soil charactéidsacross the area in the distributed model

is not too low and that the average of the EToisgdhctors is not too high.
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It is counter-intuitive that introducing such adarvolume of irrigation water to an area,
and applying most of this intensively through oalypart of the year, does not cause a
greater increase in drainage of water to the uyideriwater table than the average 162%
increase suggested by the model results. Howéwersimulation results show that the
application of the majority of this water throughetsummer months causes a large

percentage of it to be lost to evapotranspiration.

With the modelling method applied and the assumpti@dopted regarding spatial
variability, the smaller-scale variations that aceuthin discrete land parcels were not
quantified. The true variability of water fluxestln land parcels is not provided by the
model results. The results of the distributed wkerlea model suggest that the seven
different soil profile descriptions used to reprasehe spatial variability of soil hydraulic
parameters across the study area are a relativielyr mmontributor to spatial variations in
drainage. This is likely to be partly due to theywin which the soil types were
categorised. Further field and laboratory invedtan into the true spatial variability of
soil hydraulic characteristics across the studg @euld provide a more robust analysis of

the effects this variability on soil water budgetxes.

A natural progression for the application of thstibuted model and its utility to estimate
fluxes draining to the shallow unconfined aquifesuld be to couple this model's output
of drainage flux estimates to a model that predicser table rise across the NAP. This
further development was beyond the scope of thidyst However, if such a model of the
unconfined aquifer systems of the NAP were devealope future, the time-varying
predictions of drainage fluxes under various itiga and regional management scenarios
would provide recharge input data for the groundwatodel that would be superior to
those that are typically applied in groundwater eisdwhich are frequently just a fixed
percentage of annual rainfall. That there is pmwrelation between annual rainfall totals
and annual recharge fluxes in the conditions ofNA® (Chapter 5), strongly supports the
need to couple two such models to produce accpraidictions of shallow groundwater

response.

The limited drainage characteristics of many of$b#s used for horticulture on the NAP
make it possible to keep root zone water contegh While keeping drainage fluxes
relatively low. However, this is achieved at txpense of high levels of evaporation from
the soil surface and an accumulation of irrigatbmmne salts in the soil root zone. There is

considerable scope to reduce both irrigation vokiraed drainage fluxes generated by
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current irrigation practices, while keeping rooheowvater contents within a range that is
normally recommended for these types of crops,diygusoil moisture sensing. However,

achieving this while maintaining root zone saliratyan acceptable level is more difficult.

At the time of the field study component of thisearch, soil salinity under irrigated NAP
horticultural plots were already high. If the nagmurce of irrigation water continues to
be the Bolivar wastewater reclamation scheme amavtiter supplied continues to have an
average TDS concentration of around 1200 mg/l, gw@hroot zone salinity in irrigated
horticultural plots is likely to increase, partiadly if irrigation strategies that are more
conservative than current practices are adoptedowitregard to the need to somehow
enhance the leaching of salts from the root zone.

The most effective way to prevent further rise, amekven cause a decline in root zone
salinity would be to use irrigation water of a lowsalinity. This may however require
large investments in infrastructure to allow partiasalination of the reclaimed water,

either in the supply chain or by the individual tharltural enterprises.

A further option that may result in lower irrigatiovater demand and lower drainage
fluxes while also maintaining root zone salinitydés, is to enhance winter flushing of
salts by irrigating during winter to maintain higbil water content while ET potential is
low. This must be accompanied by more conservatngation of spring and summer
crops such that the overall amount of irrigationtevaused is less. The modelling
described in Chapter 5 showed that in the conditiohthe PGR study site, this should
result in lower drainage fluxes than scenarios wiibre heavily irrigated summer crops
(similar to current practices), and also signifitadower root zone salinity. This is
effectively an approach to reducing evaporationgssiit results in less evaporation of
irrigation water applied in summer because theisaitaintained in a drier state, and also a
lower proportion of evaporation of irrigation amai in winter (for flushing) because
potential ET is lower at that time.

If the spatially-averaged values within each catggof land use and soil type are
reasonably accurate, then this modelling approaith provide a sufficiently accurate

assessment of the larger area on which to baseiroesonanagement decisions and
policies. This is most useful if the model is usada comparative way, such as for
comparing the outcomes of two different land useraation management scenarios. If a

regional natural resource manager maintains suamodel over time, the accuracy of
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spatial parameter values can be improved over tiienore data becomes available.
Furthermore, the number of variables that are caisgd in the distributed model can be
increased to include, for example, water table ltepbotential ET, and rainfall, which in
this study were all assumed to be uniform acrossitbdelled area. Hence, the system of
modelling demonstrated has considerable scope faoroge comprehensive application,

either to the NAP or to other study locations.

The volume of reclaimed wastewater delivered fréwa Bolivar wastewater reclamation
scheme to horticultural enterprises on the NARisexcess of 14 GL per year. While this
has reduced the volume of irrigation water drawomfrthe underlying confined Tertiary
limestone aquifer, the overall volume of water nased for irrigation in the NAP is much
greater than it was prior to the establishmenthef water reclamation scheme in 1999.
This has inevitably led to a substantial changéhawater balance of the region. With
very little loss via surface runoff, the large iease in water input to the area has to be
balanced primarily by increases in evapotranspinand drainage to the underlying
unconfined aquifers. For natural resource managemedahe NAP area, perhaps the most
significant outcome of this study is the finding@thof the changes to the region’s water
balance, the largest change to the water outptleisicrease in evaporation from the soil
surface in areas under irrigation. The increassoihwater drainage is secondary to this
and the typical leaching fluxes achieved by NARyators are possibly no more than are

required to flush irrigation-borne salts from tlet zone.

In view of these findings the focus of natural i@®@ management authorities should shift
from an aim of reducing irrigation drainage fluxes, a concerted effort to reduce
evaporation rates in irrigated plots. A successfrmpaign to promote techniques that
reduce evaporation would have the multiple benefftslowing soil salinity increases,
minimising drainage fluxes, reducing pumping cdsetsirrigators and reducing irrigation
water demand from existing irrigators, possibly mgkwater available for an expanded

irrigation area.
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APPENDIX 1

Unsaturated hydraulic conductivity measurements: sib moisture outflow curves

Curves were constructed from soil moisture outflomeasurements resulting from
laboratory tests on undisturbed soil cores, as ribest in Chapter 2, Section 2.4.1,
according to the method of Klute (1965).

From the volumetric outflow data, the quantity D)/Q(«) is calculated, where @ is
the total volume of outflow required to reach etfpuilm. These are then used to construct
a plot of log [1 — Q)/Q(x)] versus logt (shown in blue in the graphs below). This is
overlain on a theoretical plot of the quantitieg I1-Q¢)/Q()] versus log Dt/4L?)
(shown in black in the graphs below). The two f@ldtcurves are brought into coincidence
by moving the experimental curve along the IBg/4L?) axis only. A convenient value of
Dt/4L? is selected (indicated with a red ring in the g=sapelow) and from the theoretical
curve and and the corresponding valuet @fom the theoretical is noted. If the chosen

value ofDt/4L? is represented ag, then the diffusivity, D, is given by

D = waL%t. (Equation 2)
Where t is the experimental value of time corresiog to the chosen value wf
The specific water capacity, C, of the sample vegiby

C = Q) /V Ah. (Equation 3)

WhereV is the volume of the sample.
The mean conductivity within the soil matric pregsincrement over which the outflow

rate was measured is then given by

K = DC (Equation 4)

(Klute, 1965).
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A1.2 Outflow curves for soil cores from study sité4X
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A1.3 Outflow curves for soil cores from study sitd R

Time, t Time, t
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
14 14— Hmu Mm\ ol el il

i ] 1 5 15
(o4 (O
- - e
ORI = |
¢ ¢
— i — i
01 — 01 —

1.42
TR1 0-10cm 5wy
0.01 (LA 1) B A1 B o B B R A B B R A L m R
0.0001 0.001 0.01 0.1 1
Dt/4L2
Time, t
0.1 1 10 100 1000 10000
17
3 ]
(04
5 4
-
01 —
TR1 50 cm
0.01 L1 A1 B 1) B B I L) R B AR
0.001 0.01 0.1 1 10
Dt/4L.2
Time, t
0.1 1 10 100 1000 10000
1 Cond il ol
3 ]
(04
6/ 4
-
01 —
. ®1.00
TR2 30 cm
0.01 L) 1) B 1 B B 1| B B BN
0.001 0.01 0.1 1 10
Dt/4L2

166

0.01 I

1-Q@®) / Q(w)

0.01

1-Q(t) / Q(w)

o

0.01

b
TR1 30 cm 1260
0.0001 0.001 0.01 0.1 1 10
Dt/4L2
Time, t
0.1 1 10 100 1000 10000
L \\/NHV‘\ A%\H/L L A\\HH‘ L \\\HH‘ L \\\HH‘
] 307
] 15
TR2 0-10cm
\\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘
0.0001 0.001 0.01 0.1 1
Dt/4L?
Time, t
0.1 1 10 100 1000 10000
Capd s ol il il ]
1 Sasz -
TR2 50 cm
0.001 0.01 0.1 1 10
Dt/4L2



Al.4 Outflow curves for soil cores from study sit&SR
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APPENDIX 2

Measurements of Soil Water Retention variables anderivation of Campbell’'s equation

parameters from soil water retention curves
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1. Study Site PGR

Table A2.1 Calculations of soil sample porosityqulk density and in-field water contents (monitoring point PGR1)

Porosity
Band + [Mass, soil + |Oven dry Brass Mass of Mass of |Grav. water Vol. Water  |Particle  |(from bulk
Mass, cell at -|Cloth cylinder at- [masswith  |cylinder  |waterat -|drysoil |content( 8y) |Soil Dry bulk |Content (8,) |density and particle
Sample 15 kPa (g) mass (g) |15 kPa(g) |cylinder(g) |mass(g) [15kPa(g) [(9) at -15kPa [Volume density |at -15kPa  |(g/cm®) densities)
PGR1 Ocm 485.06 1.95 483.11 443.85 163.28 39.26 280.57 0.14 177.11 1.58 0.22 2.82 0.44
PGR1 30cm 515.6 1.65 513.95 481.80 162.85 32.15 318.95 0.10 187.29 1.70 0.17 2.67 0.36
PGR1 50cm 560.98 1.54 559.44 519.78 162.63 39.66 357.15 0.11 205.61 1.74 0.19 2.65 0.34
PGR1 70cm 563.77 1.72 562.05 522.80 162.00 39.25 360.80 0.11 206.41 1.75 0.19 2.53 0.31
Table A2.2 Soil water retention measurements fasoil core samples (monitoring point PGR1)
PGR1 PGR1 Ocm | PGR1 PGR1 PGR1 30cm| PGR1 PGR1 PGR150cm | PGR1 PGR1 PGR 70cm | PGR1

Soil core matric Ocm vol. water Ocm 30cm vol. water 30cm 50cm vol. water 50cm 70cm vol. water | 70cm
potential h,, (KPa)|core mass | content 0/6s |core mass | content 6/86s | core mass content 0/8s |core mass | content 0/8s
At Field Water Content 461.70 0.090 513.10 0.158 589.40 0.331 571.80 0.229
Saturated 0.0 531.50 0.484 1.000 560.68 0.412 1.000 585.10 0.310 1.000 596.16 0.347 1.000
-5cm -0.5 526.19 0.454 0.938 555.42 0.384 0.932 582.46 0.297 0.959
-10 cm -1.0 518.79 0.412 0.852 550.76 0.359 0.872 580.11 0.286 0.922 589.00 0.312 0.900
-20 cm -2.0 516.52 0.399 0.825 548.82 0.349 0.846 578.70 0.279 0.900
-40 cm -4.0 494.67 0.276 0.570 532.53 0.262 0.636 574.95 0.261 0.841 584.48 0.290 0.837
-80 cm -8.0 494.11 0.273 0.564 531.85 0.258 0.627 575.17 0.262 0.844 580.63 0.272 0.783
-150 cm -15 485.06 0.222 0.458 515.60 0.172 0.416 560.98 0.193 0.622 579.43 0.266 0.766
-50 Kpa -50 467.00 0.120 0.247 512.75 0.156 0.379 553.11 0.155 0.498 574.75 0.243 0.701
-100 Kpa -100 464.28 0.104 0.216 507.12 0.126 0.306 550.54 0.142 0.458 573.48 0.237 0.683
-200 Kpa -200 462.72 0.096 0.197 504.62 0.113 0.274 549.40 0.137 0.440 572.44 0.232 0.669
-400 Kpa -400 458.77 0.073 0.151 498.76 0.082 0.198 546.30 0.121 0.392 563.77 0.190 0.548

Note, core mass = mass of soil core, brass ring, cloth cover and rubber band.
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Table A2.3 Data for curves fitted to measured watr retention curves using Campbell’s equation (mondring point PGR1)

Campbell's equation 'a

These 'a’ and 'b' values adjusted from values provided by Retfit curve fitting program to provide best fit to curves of measured data.

Figure A2.1 Fitted and measured water retentionwrves for PGR1 soil samples, according to data indbles A2.2 and A2.3
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&'b' parameters 6/6s:
-b a 1 095] 09 | 08| 08 | 0.75| 0.7 | 0.65 0.6 0.55 0.5 0.45 0.4 0.35 0.3 0.25 0.2 0.15 0.1
PGR1 Ocm| -2.55 -1.67 -1.67] -1.90] -2.18] -2.53] -2.95 -3.48| -4.15( -5.01 -6.14] -7.67] -9.78| -12.79) -17.28] -24.29] -35.98] -57.28] -101.18] -210.71f -592.54
PGR130cm| -3.29 -2.37 -2.37| -281 -3.35 -4.05 -4.94 -6.11 -7.66| -9.78 -12.72| -16.94] -23.18| -32.79| -48.30| -74.95| -124.46| -226.74 -472.45
PGR1 50 cm)| -7 -0.442 -0442| -063] -0.92] -1.38] -2.11 -3.31 -537| -9.02 -1579] -29.03] -56.58] -118.29] -269.78 -686.98
PGRL1 70 cm)| -12 -0.54 -0.54] -1.00] -1.91) -3.80] -7.86] -17.05| -39.01 -94.94| -248.07] -704.76



Table A2.4 Calculations of saturation and —100 kiwater contents, bulk density and soil sample posgity (monitoring point PGR2)

Mass of Mass of |Water |Mass of Mass of |Massof |Massof [Volume of Ov Ov |Dry Porosity (from
cell at cell at Lost soil + cyl at |Mass of [soil at soil +cyl  |soil at air |soil core at -100 | at satur- |bulk Particle [bulk & particle
Sample saturation |-100 KPa |(mL) -100 kPa brass cyl |-100 kPa |at air dry |dry (cm?) kPa ation |density |density |densities)
PGR2 0cm 571.02 552.37 18.65 184.91 71.03] 113.88 178.68 107.65 69| 0.09 0.36 1.56 2.67 0.42
PGR2 30 cm 568.74 556.35 12.39 191.78 70.81] 120.97 183.81 113 69| 0.12 0.30 1.64 2.70 0.39
PGR2 50 cm 570.1 559.41 10.69 192.31 70.81 121.5 184.59 113.78 69 0.11 0.27 1.65 2.76 0.40
Table A2.5 Soil water retention measurements fdPGR site soil core samples (monitoring point PGR2)
PGR2 Ocm PGR2 30cm PGR2 50cm
Total Total Total
Soil core matric outflow outflow outflow
potential (-KPa) (ml) Ov Ov/Bsat (ml) Ov Ov/Bsat (ml) Ov Ov/Bsat
0 0 0.36 1 0 0.30 1 0 0.27 1
-4 6.21 0.270 0.75 3.6 0.248 0.83 2.55 0.233 0.86
-9 10.15 0.213 0.59 9.15 0.167 0.56 6.05 0.182 0.68
-30 16.02 0.128 0.36 11.42 0.134 0.45 9.4 0.134 0.50
-50 17.67 0.104 0.29 11.87 0.128 0.43 10.12 0.123 0.46
-100 18.65 0.090 0.25 12.39 0.120 0.40 10.69 0.115 0.43
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Table A2.6 Data for curves fitted to measured wat retention curves using Campbell’'s equation (momoring point PGR2)

Campbell's equation
‘a' &'b' parameters | 8/8s:
-b a 1| 0.95 0.9 0.85 0.8 0.75 0.7] 0.65 0.6] 055 05| 0.45 0.4 0.35 0.3 0.25 0.2
PGR2 0 cm -3 -1.5 -1.5| -1.75] -2.06| -2.44| -2.93| -3.56| -4.37| -5.46| -6.94| -9.02| -12.00| -16.46| -23.44| -34.99| -55.56| -96.00| -187.5
PGR2 30cm 4.7 -0.5 -0.5| -0.64] -0.82| -1.07| -1.43| -1.93| -2.67| -3.79| -5.52| -8.30| -13.00| -21.32| -37.09] -69.48| -143.4| -337.8| -964.1
PGR2 50 cm -6 -0.3 -0.3| -0.41] -0.56| -0.80{ -1.14| -1.69| -2.55| -3.98 -6.43| -10.84| -19.20| -36.13| -73.24| -163.2| -411.5|-1228.8

Figure A2.2 Fitted and measured water retentionurves for PGR2 site soil samples, according to daia Tables A2.5 and A2.6
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2. Study Site HX

Table A2.7 Calculations of —100 KPa and saturatiowater contents, dry bulk density and soil sampl@orosity (Study Site HX)

Mass of Mass of |Water Mass of soil [Mass of |Mass of [Massof |Massof [Volume of Ov Ov |Dry Porosity (from
cell at cell at Lost +cyl at brass soil at soil +cyl  |soil at air |Soil core at -100 |at satur- |bulk Particle [bulk & particle
Sample Saturation [-100 KPa |(mL) -100 KPa cyl -100 kPa |at air dry |dry (g) (cm?) kPa ation [density |density |densities)
HX1 Ocm 541.56 525.11 16.45 182.08 70.81 111.27 173.23 102.42 69 0.13 0.37 1.48 2.76 0.46
HX1 30cm 546.05 535.49 10.56 192.43 70.81 121.62 182.66 111.85 69 0.14 0.29 1.62 2.59 0.37
HX1 50cm 550.8 547.58 3.22 208.31 70.81 137.5 184.71 113.9 69 0.34 0.39 1.65 2.70 0.39
HX2 10 cm 568.5 550.11 18.39 183.11 70.74 112.37 175.24 104.5 69 0.11 0.38 1.51 2.67 0.43
HX2 30 cm 572 561.73 10.27 197.77 70.58 127.19 186.7 116.12 69 0.16 0.31 1.68 2.67 0.37
HX2 50 cm 580.48 577.6 2.88 213.5 70.99 142.51 195.41 124.42 69 0.26 0.30 1.80 2.67 0.32
Table A2.8 Soil water retention measurements farX site soil core samples
HX1 Ocm HX1 30cm HX1 50cm
Total Total
Soil core matric |outflow Total outflow
potential (-KPa) |(ml) Ov Ov/Bsat |outflow (ml) |Bv Ov/Bsat  |(ml) Ov Ov/Osat
0 0 0.370 1.00 0 0.290 1.00 0 0.390 1.00
-4 6.75 0.272 0.74 2.55 0.253 0.87
-8 11 0.211 0.57 4,76 0.221 0.76
-15 13.19 0.179 0.48 7.1 0.187 0.65 1.52 0.368 0.94
-30 14.74 0.156 0.42 8.73 0.163 0.56 2.03 0.361 0.92
-60 15.49 0.146 0.39 9.8 0.148 0.51 3.1 0.345 0.88
-100 16.45 0.132 0.36 10.56 0.137 0.47 3.22 0.343 0.88
HX2 10cm HX2 30cm HX2 50cm
Total Total
Soil core matric |outflow Total outflow
potential (-KPa) |(ml) Ov Ov/Bsat |outflow (ml) |Bv Ov/Bsat  |(ml) Ov Ov/Osat
0 0 0.380 1.00 0 0.310 1.00 0 0.300 1.00
-4 4.6 0.313 0.82 2.5 0.274 0.88 0.5 0.293 0.98
-8 9.8 0.238 0.63 6.9 0.210 0.68 0.75 0.289 0.96
-30 15.59 0.154 0.41 12.22 0.133 0.43 1.9 0.272 0.91
-60 16.77 0.137 0.36 14.01 0.107 0.35 1.9 0.272 0.91
-100 18.34 0.114 0.30 15 0.093 0.30 1.94 0.272 0.91
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Table A2.9 Data for curves fitted to measured wateretention curves using Campbell’s equation (Studysite HX)

Campbell's equation
'a’ & 'b' parameters
-b a 1 0.95 0.9 0.85 0.8 0.75 0.7 0.65 0.6 0.55 0.5 0.45 0.4 0.35 0.3 0.25 0.2

HX1 Ocm -4.2 -0.8 -0.8] -0.99 -1.25 -1.58 -2.04 -2.68 -3.58 -4.88 -6.84 -9.85[ -14.70 -22.89 -37.54 -65.77] -125.66] -270.24| -689.86
HX1 30cm -5.5 -1.5 -1.5] -1.99 -2.68 -3.67 -5.12 -7.30 -10.67 -16.03| -24.90|] -40.19| -67.88| -121.18| -231.61| -482.74
HX1 50cm -12 -5 -5] -9.25| -17.70f -35.15| -72.76] -157.85] -361.24] -879.04
HX2 10cm -3.7 -1.2 -1.2| -1.45] -1.77] -2.19 -2.74 -3.48 -4.49 -5.91 -7.94| -10.96] -15.60] -23.03] -35.61| -58.36] -103.24| -202.68| -462.78
HX2 30cm -3.4 -1.8 -1.8| -2.14] -258] -3.13 -3.84 -4.79 -6.05 -7.79] -10.22| -13.74| -19.00] -27.19] -40.58] -63.89] -107.91| -200.57| -428.32
HX2 50cm -12 -5 -5]  -9.25] -17.70] -35.15] -72.76] -157.85] -361.24] -879.04

NB. These a and b numbers adjusted from retfit numbers to provide better fit to curves of measured data

Figure A2.3 Fitted and measured water retentionwrves for HX site soil samples, according to dataniTables A2.8 and A2.9
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3. Study Site

SR

Table A2.10 Calculations of —100 KPa and saturain water contents, dry bulk density and soil sampleorosity (Study Site SR)

Mass of Mass of |Water |Mass of Mass of |Mass of [Mass of [Massof [Volume of Ov Ov Porosity (from
cell at cell at Lost soil + cyl at |brass soil at soil +cyl  |soil at air |soil core at at satur- |Dry bulk |Particle |bulk & particle
Sample Saturation |-100 KPa |(mL) -100 kPa  |cyl -100 kPa |at airdry |dry (Q) (cm?) -100 kPa | ation |density |density |densities)
SR10cm 566.59| 556.03] 10.56 192.24] 70.81 121.43 179.29 108.48 69 0.19 0.34 1.57 2.59 0.39
SR130cm 558.92 550 8.92 194.12] 70.81 123.31 182.05 111.24 69 0.17 0.30 1.61 2.67 0.40
SR1 50 cm 575.02] 567.56 7.46 203.57] 70.81 132.76 188.39 117.58 69 0.22 0.33 1.70 2.67 0.36
SR2 Ocm 557.61] 548.83 8.78 193.1f 70.81 122.29 180.71 109.9 69 0.18 0.31 1.59 2.67 0.40
SR2 30cm 559.22| 551.64 7.58 197.24] 70.81 126.43 181.89 111.08 69 0.22 0.33 1.61 2.67 0.40
SR2 50 cm 566.85| 563.43 3.42 199.11 70.6 128.51 170.79 100.19 69 0.41 0.46 1.45 2.67 0.46
Table A2.11 Soil water retention measurements fdBR site soil core samples
SR1 0cm SR1 30cm SR1 50cm
Total Total
Soil core matric outflow Total outflow
potential (-kPa) (ml) Ov Bv/Bsat |outflow (ml) 6v Bv/Bsat (ml) Ov Bv/Bsat
0 0 0.340 1 0] 0.300 1.00 0 0.330 1.00
-4 2.7 0.301] 0.8849 1.85] 0.273 0.91 0.9 0.317 0.96
-9 5.85 0.255| 0.7506 3.65| 0.247 0.82 2.65 0.292 0.88
-30 8.56 0.216] 0.6351 6.48 0.206 0.69 5.31 0.253 0.77
-50 9.61 0.201] 0.5904 7.77 0.187 0.62 6.43 0.237 0.72
-100 10.56 0.187] 0.5499 8.92 0.171 0.57 7.46 0.222 0.67
SR2 Ocm SR2 30cm SR2 50cm
Total Total
Soil core matric outflow Total outflow
potential (-kPa) (ml) Ov Bv/Bsat |outflow (ml) Ov Ov/Osat (ml) Ov Ov/Osat
0 0 0.310 1 0] 0.330 1.00 0 0.460 1.00
-4 4.75 0.241] 0.7779 0.2 0.457 0.99
-8 0.56 0.452 0.98
-11 6.23 0.220| 0.7087 3.74] 0.276 0.84
-16 1.39 0.440 0.96
-30 8.24 0.191] 0.6148 5.39 0.252 0.76 1.88 0.433 0.94
-60 8.6 0.185| 0.5979 6.76 0.232 0.70 2.52 0.423 0.92
-100 8.78 0.183] 0.5895 7.58 0.220 0.67 3.42 0.410 0.89
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Data for curves fitted to measured war retention curves using Campbell’s equation (Stdy Site SR)

Table A2.12
Campbell's equation
'‘a’ & 'b' parameters
-b a 1 0.95 0.9 0.85 0.8 0.75 0.7 0.65 0.6 0.55 0.5 0.45
SR1 Ocm -7.9 -0.85 -0.85 -1.27 -1.95 -3.07 -4.95 -8.25 -14.23] -25.55 -48.09 -95.62| -203.03 -466.70
SR1 30cm -7.2 -1.8 -1.8 -2.60 -3.84 -5.80 -8.97 -14.28 -23.47 -40.02 -71.22] -133.25| -264.66 -565.12
SR1 50cm -10 -2 -2 -3.34 -5.74 -10.16 -18.63 -35.52 -70.80] -148.56] -330.76| -789.59
SR2 Ocm -10.6 -0.3 -0.3 -0.52 -0.92 -1.68 -3.19 -6.33 -13.15] -28.86 -67.41] -169.54| -465.63
SR2 30cm -11.5 -1.3 -1.3 -2.34 -4.37 -8.43 -16.92 -35.54 -78.58| -184.26| -462.60
SR2 50 m -12 -5 -5 -9.25| -17.70 -35.15 -72.76 -157.85 -361.24| -879.04
NB. These a and b numbers adjusted from retfit numbers to provide better fit to curves of measured data
Figure A2.4 Fitted and measured water retentionwrves for SR site soil samples, according to data iTables A2.11 and A2.12
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4. Site TR

Table A2.13 Calculations of —100 KPa and saturaisn water contents, dry bulk density and soil samplgorosity (Study Site TR)
Mass of cell [Mass of Mass of Mass of |Massof |[Massof |Massof [Volume of Ov Ov Porosity (from
at cell at Water soil + cyl at |soil at soil +cyl  [soil at air |brass soil core at at satur- [Dry bulk |Particle  |bulk & particle
Sample Saturation |-100 KPa |Lost (mL) [-100 kPa -100 kPa |at airdry [dry (g) cylinder |(cm?) -100 kPa| ation |density [density densities)
TR10cm 563.70 551.50 12.2 193.76 122.78 184.00 113.02 70.98 69 0.14 0.32 1.64 2.67 0.39
TR1 30 cm 580.08 573.67 6.41 209.68 138.88 195.57 124.77 70.80 69 0.20 0.30 1.81 2.67 0.32
TR1 50 cm 572.00 565.59 6.41 204.51 133.65 186.02 115.16 70.86 69 0.27 0.36 1.67 2.67 0.37
TR2 10 cm 572.56 564.32 8.24 202.7 131.86 188.90 118.06 70.84 69 0.20 0.32 1.71 2.67 0.36
TR2 30 cm 578.36 575.04 3.32 210.37 139.37 193.76 122.76 71.00 69 0.24 0.29 1.78 2.67 0.33
TR2 50 cm 566.55 562.34 4.21 204.11 133.32 185.75 114.96 70.79 69 0.27 0.33 1.67 2.67 0.38
Table A2.14 Soil water retention measurements foFR site soil core samples
TR10cm TR1 30 cm TR1 50 cm
Total Total
Soil core matric Total outflow outflow
potential (-Kpa)  |outflow (ml) Ov Ov/Bsat (ml) Ov Bv/Bsat [(ml) Ov Bv/Bsat
0 0 0.320 1.00 0 0.300 1.00 0 0.360 1.00
-4 3.95 0.263 0.82 1.56 0.277 0.92 1.78 0.334 0.93
-8 7.88 0.206 0.64 3.06 0.256 0.85 2.69 0.321 0.89
-16 9.25 0.186 0.58 4.14 0.240 0.80 3.65 0.307 0.85
-30 10.15 0.173 0.54 4.95 0.228 0.76 4.64 0.293 0.81
-60 11.24 0.157 0.49 5.72 0.217 0.72 5.63 0.278 0.77
-100 12.20 0.143 0.45 6.41 0.207 0.69 6.41 0.267 0.74
TR2 0 cm TR2 30 cm TR2 50 cm
Total Total
Soil core matric Total outflow outflow
potential (-Kpa) |outflow (ml) Ov Ov/Bsat (ml) Bv Ov/Bsat |(ml) Ov Ov/Bsat
0 0 0.320 1.00 0 0.290 1.00 0 0.330 1.00
-4 0.40 0.314 0.98 0.3 0.286 0.99 0.45 0.323 0.98
-9 2.70 0.281 0.88 0.75 0.279 0.96 1.00 0.316 0.96
-30 5.98 0.233 0.73 3.08 0.245 0.85 3.57 0.278 0.84
-60 6.37 0.228 0.71 3.13 0.245 0.84 4.19 0.269 0.82
-100 7.36 0.213 0.67 3.59 0.238 0.82 4.81 0.260 0.79
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Table A2.15 Data for curves fitted to measured war retention curves using Campbell’s equation (Stdy Site TR)

Campbell's equation
'a' and 'b' parameters
-b a 1 0.95 0.9 0.85 0.8 0.75 0.7 0.65 0.6 0.55 0.5 0.45 0.4 0.35

TR1 0 cm -7.5 -0.25 -0.25 -0.37 -0.55 -0.85 -1.33 -2.16 -3.63 -6.33 -11.53| -22.14] -45.25| -99.73| -241.26] -656.79
TR130cm -9.5 -0.25 -0.25 -0.41 -0.68 -1.17 -2.08 -3.84 -7.40| -14.97 -32.03] -73.20] -181.02]| -492.52
TR150cm -9.5 -0.25 -0.25 -0.41 -0.68 -1.17 -2.08 -3.84 -7.40| -14.97 -32.03] -73.20] -181.02| -492.52
TR2 10 cm -8 -3.2 -3.20 -4.82 -7.43| -11.74] -19.07 -31.96 -55.51| -100.43| -190.52| -382.16] -819.20
TR2 30 cm -12 -5 -5.00 -9.25| -17.70] -35.15| -72.76] -157.85| -361.24| -879.04
TR2 50 cm -12 -5 -5.00 -9.25| -17.70] -35.15| -72.76] -157.85| -361.24| -879.04

NB. These a and b numbers adjusted from retfit numbers to provide better fit to curves of measured data

Figure A2.5 Fitted and measured water retentionwrves for TR site soil samples, according to dataiTables A2.14 and A2.15
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