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First Nations Respect and Reconciliation

Theproject partners, including CSIRGgyder Institute for Water Research and Limestone Coast Landscape
Board, acknowledges the Traditional Custodians of the lands and waters of the Limestone Coast and South
Eastregion, where this project took place. Together we pay our respects to their Elgast, present, and
emerging and recognise Aboriginal people as the First Peoples and Nations of South Australia, possessing
and caring for these lands under their own laaval customs.

We respect the enduring cultural, spiritual, physical, and emotional connections that Aboriginal peoples
maintain with their lands and waters. We recognise the diverse rights, interests, and obligations of First
Nations and the deep cultural connectionstlexist between different First Nations communities. We seek

to support their meaningful engagement and honour the continuation of their cultural heritage, economies,
languages, and laws, which remain of ongoing importance.

We walk together with the First Nations of the South East and the Ngarrindjeri peoples through organisations
such as Burrandies Aboriginal Corporation, Ngarrindjeri Aboriginal Corporation, the Ngarrindjeri Lands &
Progress Aboriginal Corporation and Sok#mst Aboriginal Focus Group. For the work of generations past,
and the benefit of generations future, we seek to be a voice for reconciliation in all that we do.
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Project Summary

The Limestone Coast of South Australia is a highly modified landscape with an extensiatclosgnt

drainage system converting what was once a wetland dominated landscape into one dominated by
agricultural production. The region now has a diverse atitical sector and extensive forestry plantations
GKAOK NP KAIKf@& RSLISYRSyld 2y NBfAFOGES NIAYTIEFff
NE&A2d2NOSad | 26SHSNE +a OfAYIGAO O2yRAGAZ2YyaAsanSO2YS
ground and surface water resources and consequent risks to primary production and the environment to
build a water secure future.

Achieving water security in the Limestone Coast region under a changing climate requires a more integrated
and holistic approach to water resource management. In particular, the interactions between surface water
and groundwater must be better understooguantified, and managed to balance the seasonal denmands
removing excess water from productive lands during winter while safeguarding groundeegendent
agriculture and ecosystems during summer.

¢KS G!RIFILIGFGAZ2Y 2F GKS {2dzikK 9F&adSNYy 5NIAYyF3AS bSi
opportunities to improve water management in the regioincluding potential use of water in the drainage
network - to address risks to primary industd and groundwater dependent ecosystems. Delivered through

the Goyder Institute for Water Research, research teams from the CSIRO, Flinders University and the
University of South Australia have completed five separate but-twenected tasks:

1. Quantifyingthe value of consumptive and nasonsumptive uses of water
This task assessed the value of additional water for key primary industries in the region, while also
estimating the value of water for neconsumptive uses aimed at achieving ecological outcomes.
Together, these valuations provide important context to thiNE 2 SO Q&4 K& RNRf 2 3A OF
options to manage additional available water in the region.

2. Current and future water availability
' ¢l GSNIoFflFyOS Y2RSt F2N) 6KS NB3IA2Y Kl a 0SSy
Australian Water Resources Assessnmebandscape (AWRA model. It integrates national and
regional datasets to capture surface runoff, recharge, and soil moistdriée accounting for
seasonal dynamics and regional variability. The model enables analysis of climate change impacts
on the full water balance, providing insight into future water availability, supporting both short
and longterm water management decisions.

3. Groundwaterand wetlandmodelling
Sitespecific models representing thramensional aquifewetland interactions have been
developed for two key groundwater dependent sites. The models test the feasibility of changing
the water distribution in the local landscape to improve ecosystenithend mitigate impacts of
groundwater extraction. Options included redirecting / holding water back in drains, altering
surface water inflows and reducing the extent of the wetland basin with levees. The learnings from
modelling these two disparate sites will assist decisions to manage additional available water in the
region.

4. Sea water intrusion risk
The coastal area south of Mount Gambier is an area of high value irrigated agriculture and
significant karst springs where the risk of seawater intrusion is of concern for both irrigators and
environmental assets. This task set out to understand the exaadthydrodynamics of seawater
intrusion in the region with an airborne electromagnetic survey of the south coast area, undertaken
in October 2022, and construction of cressctional models to simulate seawater intrusion under
different scenarios at different regional locations. This work provides the evidential basis to build
on previous projects where reinstating wetlands by retaining water in drains appeared to effect
some control over the seawater interface.
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5. Groundwater, Ecology, Surface water and Wetland Assessment Tool (GESWAT)
To enable opportunities to improve water management to be easily identified and investigated
including the potential use of water in the drainage netwqekdynamic GIS tool (GESWAT) was
built. GESWAT brings together outputs from the other project tagkgrating them in a tool with
a range of other critical data (e.g. surface water flows, groundwater levels, and rainfall data, annual
water use and allocation data, ecological imfation and other standard datasets). GESWAT
provides the LC Landscape Board and its partner agencies a single platform with which to view,
compare and interrogate the diversity of hydrological and ecological information available to
inform policy and mangement decisions.

This report details results from Taglkf the project.
Further results from this project are presented in the following reports:
Task 1

Cooper, C., Crase, L., Kandulu, J., and Subroy, V. @@@5%pation of the Soutltastern drainage system
under a changing climate Quantifying the value of different water uses and future demartésyder
Institute for Water Research Technical Report Series No. 25/2

Task 2

Gibbs, M.S., Montazeri, M., Wang, B., Crosbie, R., Yang, A. &2¢iation of the Soutitastern drainage
system under a changing climat&Vater Availability for South East Drainage AdaptatiGoyder Institute
for Water Research Technical Report Series No. 25/3

Task 3

Gholami, A., Werner, A.D., Maskooni, E.K., Fan, H., Jazayeri, A., and S&tdraanG. (202%)daptation of
the SouthEastern drainage system under a changing clim&eoundwater and wetland modellin@goyder
Institute for Water Research Technical Report Series No. 25/4

Task 4

Davis A, Munday TJ, and lbrahimi T (2@28ptation of the Soutftastern drainage system under a changing
climate- Limestone Coast Airborne Electromagnetic Survey: Acquisition, Processing and Md@giejiiay
Institute for Water Research Technical Report Series No. 25/5.1

Davis A, Munday TJ, and lbrahimi T (2@28ptation of the Soutftastern drainage system under a changing
climate- Limestone Coast Airborne Electromagnetic Su@egductivityDepth SectionsGoyder Institute for
Water Research Technical Report Series No. 25/5.2

Gholami, A., Werner, A.D., Sol6rzeRivas, C., Jazayeri, A., Maskooni, E.K.FandH. (2025)Adaptation of
the SouthEastern drainage system under a changing clim&eawater intrusion risksoyder Institute for
Water Research Technical Report Series No. 25/5.3

Task 5

Gonzalez, D., Werner, A., Jazayeri, A., PritcharBad,H., Botting, S., Judd, R. (202%japtation of the
SouthEastern drainage system under a changing clim@wsoundwater, Ecology, Surface water and Wetland
Assessment Tool (GESWAT) Spatial Data DictioBagyder Institute for Water Research Technical Report
Series No. 25/6
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Executive summary

ThelLowerLimestone Coast regidn SouthAustraliacontains a diverse and productive agricultural sector
that supports the local economy and a number of regionally, nationally and internationally important
wetlands.Over the past 16@ears surface water drains have been construdtedemove waterfrom the
landscape that previously pooled against dune rangedo increase agricultural productivity and
transportation, and more recently to manage dryland salinithis extensive drainage led to a drastic
redudion of wetland area which, in turn, minimised infiltration of recharge water to the unconfined aquifer.
In the contextof a future climatepredictedto yield drier and warmerconditions the historical drainage
network may need to adapt.

In this contextthis workaims atquantifying the water balance for théower Limestone Coagstgion, both
historically and into the futurePrevious water balances for the region hawported lumped annual
averages for the region as a whole, or focusedpecificcomponents of the water balance, such as runoff

or rechargeThis work has developed an integratedter balancemodelthat concurrently capturesctual
evapotranspiration, runoff and rechargacludingseasonal dynamicand the variability amss the region.

The water balance outputat a high spatial and temporal resolution are intended to hidigntify where

there are opportunities to better manage water from the extensive drainage network in the region to address
risks to primary industries and groundwatkgpendent ecosystermis the face of a changing climate

The model selected for this study fsetAustralian Water Resources Assessment Landscape (AyWRdel
that was developed to undertake water accounts and resource assessments in AuSinaliemodel was
designed to incorporate broad range ofobserved and physical datincluding climate, soil properties,
topographic information and vegetation cov@he modektonfigured to represent the water balance for the
Lower Limestone Coast has a spatial resolutiof.01°(approximately 1 kntell sizg, daily time step and
represents five hydrological response uriitsludingdeep and shallow rooted vegetation, irrigation areas,
permanent water bodiesand impervious areas.

The model was calibrated to the higjuality streamflow gauges in the region that are not influenced by
operation of the drainage networkemotely sensed leaf area index to provide an indication of actual
evapotranspirationremotely sensed soil moisturand changesn recorded groundwater level3he locally
calibrated model was found to produce a suitable representation of annual runoff and rechargeanates
calibrating to more than just streamflow data was found to improve the accuracy against plitgut
including streamflow in some cases.

Trendsin the observed and modellecariableswere analysed to set the context fprojectedfuture water
availability Trends of educing rainfall and increased temperature have been observed in high quality
datasets in the region and are in line with observations across the nation. 57 of 65 unconfined groundwater
management zones had declining trends in recharge over time, wittf Biese statistically significant. All
streamflow stations considered had declining trends identified, with 3 of 7 catchrpeodsicingstatistically
significant trends. This was not only driven by reduced rainfall, but the proportion of rainfall resulting in
runoff was also observed to have reduced sincertfié-1990s.

For future projectionsa 2060 timehorizon and medium emissions scenario (SSP5Pwas considered

based on a time horizon not so distant that the assumptions represented by different SSPs have a substantial

influence on the climate changes projected, and to be near enough to be within three iterations of water
allocation plan reviews21 Global climate modekGCMsF NB Y (G KS Lt/ / Q&8 {AEGK |
identified that provide the outputs necessary for hydrologitaldelling anchad been assessed as providing

a suitablerepresentdion of past climate fothe climate variables of interesh Australia.All GCMselected
projected a reduction in mean annual rainfdliry, Mid and Wescenariosvere selected to represent the
range in projectionsDespite a reductio in annual rainfallthe Wet scenario resulted in similar or increased
runoff compared to the historical climatelue to the projected increase in winter rainfall from this GCM. The
Mid and Dry GCMs resulted in relatively large reductiomanoff compared to the reductiom rainfall, with

GKS af2LS 2F (KS N&4.2thakig fgraa K% teHucti@nNid rainfadin laverageddn2ée Q 0
reduction in runoff was modelledror recharggthe elasticitywas lower at approximately But possessed a
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large variability in this result, with a range fron88% change in recharge for the Mid GCM rainfall reduction
of 7% This variability can be explained in part by the mean annual rginfedl wettest zones above
approximately 750 mm/year reded by aproportion similar to therainfall reductionwhile in areas with a
lower mean annual rainfathe proportional reduction imecharge increast

Historical (19602021) and future water availability was represented as average water balances across
different reporting zonesActual evapotranspiration is by far thergestcomponent of the water balarmg

with runoff the smallest at approximatelycl7%of mean annual rainfallGross recharge rates (all recharge

to the groundwater store)were larger thanthe runoff in all zones, but et recharge rates(after
evapotranspiration from groundwatgican be small, and in some zones negatresulting in a delining
storage level in the model.

Mapsof mean annual runoff for the historical climate, represented by 208 (dry), 50" (median) and 80

(wet) annual rainfalhighlight the high annual variability of surface water availability in the redoought
indices were used to investigate changes in the periods of low veagglability representing climatological,
hydrological and agricultural drought®rought conditions were estimated to have occurred approximately
20% of the time historically across the catchments and drought variahi¢is,the Wet future climate
scenario remaiimg consistent with historical conditionfor the drought indicesDrought conditions were
projected to double to approximately 40% of the time for the Mid scenario,cued 50% of the time for the

Dry scenario. Typically, hydrological (runoff) and agricultural (soil moisture) drought occur more frequently
than climatological drought (rainfall) for the Mid and Dry future climate scenahiosummary, trends in the
observed data indicate water availability has been reducing in the region, and future climate projections
indicate that this phenomenon is expected to contindedashboard has been developed to allow for further
interrogation of the water balance and at spécifvetlands across the region and throughout time.
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1 Introduction

1.1 Adaptation of the Souttitastern drainage system under a changing
climate project

The Limestone Coast Landscapgion contains a diverse and productive agricultural sector that supports
the local economy and a number of regionally, nationally and internationally important wetlands. These
values are underpinned by the availability of good quality groundwaterdemand for good quality water

is outstripping supplyn some areasThe Lower Limestone Coast Water Allocation Plan (LLC WAP), which
covers the southern part of the region, has reduced allocationsrigators for some management areas to
mitigate risks associated with the ovallocation of water resources and to achieve the broad environmental
and social goals of the plan.

Climate change and increased water demand will put further pressure on existing water sources.
Observations suggest that the Limestone Coast has already experiencgoh@/{ear decrease in rainfall

since 1960compared toa mean annual recharge ratacross the LLC WARanagement areasof

106 mm/year. Declines in recharge rates in the orderlofnm/yearhave been identified over thperiod
19702012(Crosbie et al., 201Fu et al., 201p which is expected to continue under future climate scenarios.
Under an extreme wet scenario there may be no change to recharge, but under an extreme dry scenario
there may be a 42% reduction by 2050, with similar patterns for surface \{@tesbie et al., 2023

The Limestone Coast Landscape Board (LCLB) are seeking to identify whether there are opportunities to
better manage water from the extensive drainage network in the region to address risks to primary industries
and groundwaterdependent ecosystems. The study area corresponds to the area of the Lower Limestone
Coastand PadthawayPrescribed Wells Arsaas well as headwater catchmemtsginating in Victoriaand
collectivelyA & NB FSNNEgRre @2 | a4 GKS &

1.2 Current and future water availability task

Previous water balances for the region hagportedlumped annual averages for the region astele (e.g.
Harrington et al., 2019aor focused on components of the water balance, such as r§HRofhphrey et al.,
2016 Wood and Way, 20)Jor recharggDoble et al., 2015Harrington et al., 2015aA water balance that
concurrently capturesll significantoutput components incorporating seasonal dynamics as well as the
variability across theegion is a current knowledge gap limiting both shahd longterm management.

Studies on the effects of climate projections on water availability forréggon are limited. Denny et al.
(2015)considered wetland vulnerability to groundwater decline and a case study focused on the Drain L
systemwhile national scale changes in recharge with climate projections Aobeen undertakerfCrosbie

et al., 2013. Consequentlyan analysis of the impact of contemporary climate projections for the complete
water balance across the regisneeded

The key management questions that will be addressed in this report are:

W How do components of the water balance (runoff, recharge atdal evapotranspiratioyvary over
time and across the region?

w At whichlocations, and under which conditions, is there water available irdthéage networko
support further water uses (e.g. diversion for environmental restoration or to maintain consumptive use)?

w How might the water availability change with future climate projections?
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1.3 South-Eastern drainage system

Water availability in the southeast of SA has had a complex history. Across most of the region, there is not
enough topographic gradient for channelised creeks to form natueally insteadwetlandsformed along

the eastern side of dune rangedeposited by successive retreat of sea level over the past 700,000 years.
This resulted in around 50% of the region being seasonally or permanently flooded wetland habitat. Drainage
commenced in the 1860s to remove water for agricultural productivityteamasportation, and more recently

to manage dryland salinity. Following drainatgss than 6% of the original wetland extaeimains, with

most of theremnantwetlands inpoor condition(South East Natural Resources Management Board and
South Eastern Water Conservation and Drainage Board,)2Dt&inage has also minimised recharge to the
unconfined aquifetin the vicinity of what was once wetlandnd deeper draing/ere designed to increase
groundwater discharge managedryland salinity.

A map of the drainage network aray wetlands is provided ifrigurel-1. The flow monitoring network
(reviewed in Section2) indicates that higher volumes ofvater available in the drainage network is
concentrated in the downstream section of the main drainage catchments closer westerncoast There

is comparatively littlesurface water available in the eastesind southermportion of the region wheravater
demand may be higher (IGS, 202®&)th the predominant water uses adfrigation and plantation forestry
(see Brookes et al., 201@re also represented oRigurel-1. The drainage catchments have already been
extensivelymodifiedto support environmental water requirements over tpast few decades, including:

9 Blackford Drain the South East Flow Restoration Projécward the Taratap drain ifigurel-1)
constructed a drain to direct flow out of the Blackford Drain toward the Coorong, with the capability
to also divert water tavetlands enroute Taratap watercourse and Tilley Swamflso, drains in the
north of the region have high salinity that may not be suitable for productive or environmental use,
with the average salinity over 8500 and 12,500 EC in the Fairview Drain and the Bl&ukiord
respectively.

9 Drain L- a regulatoris currently being constructed at the outlet of Lake Hawdon Natisignedo
maintain water in that wetland. The receiving system of the Robe Lakes at the end of Drain L also has
water requirements to maintain water quality and aesthetic values. Numerous studies have
investigated the feasibility of diverting water out of the Bra catchment (and previously also Drain
M) toward the Blackford Drain and in turn the Coorong, most recently the Healthy Coorong Healthy
Basin Projec(Tonkin, 202D These studies have found the water available and resulting ecological
benefit is unlikely to justify the construction and operation and maintenance costs.

1 Drain M¢ DrainM has significant existing environmental water requirements associated with the
Ramsadlisted Bool and Hacks Lagoons, as well as to maintain Lake George at the end of the drain,
which has a nominal water requirement of 20 GL/year. Thigwelbas passed the monitoring station
at the end of Drain M upstream of Lake George (A2390512) eight times in the last 30 years. As part
of the Restoring Flows to Wetlands in the Upper South East (REFLOWS) project, the Western
Floodway was constructed in @6 to divert excess flow from Drain M into the Bakers Range
watercourse to the north, however there have been limited opportunities to use the drain since
construction given existing environmental water requirements and the limited volumes available.

1 Reedy CreekMount Hope Drairg has Lake Frome as a downstream receiving water. Diverting flow
from this drain into Drain M to support theolumecommitments to Lake Geordes beermroposed
(South East Natural Resources Management Board and South Eastern Water Conservation and
Drainage Board, 20)9

To quantify the water balancecomponentsand water availability across the regiotie Australian Water
Resources Assessment Landscape (AWRAodel has beensed This model has been customised and
calibrated to be applicable to the regiowjth a detailed review of the data used as inputs calibrate
parameters based on outputéy Section 2. The calibraticapproachand resultingmodel performance is
presented in Section 3The data available and model outputs are then usedjuantify historical water
availability and trends over timi Section 4before future climate projections are selected and applied in
Section 5.These results provide information to inform halae water managementandmanagement othe
drainage networkmay need to continue to adapt with a changing climate.
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Figurel-1 Map of the study region, includingouth-Eastern drainage system, wetlands and land cover as mapped
over 2010615 (Willoughby et al., 2018
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2 Data Review

This sectiorirst provides an overview of the AWRAmModel used in this study, to provide context for the
datasets that are required to undertake the water balance. Ttiata sets available for the region that gna
be used to update th@ational scale datasets based on local scale informati@evaluated This section
also reviews data available to use as targets to calibrate the water balance model outputs.

2.1 Australian WateResources Assessmdrdandscape model

Landscape models provide consistent estimates of runoff, soil water content, deep drainage and
evapotranspiration across a large region. The Australian Water Resources Assessment Landscafhg (AWRA
model has been developed for this purpose by the BureaMeteorology and CSIRO over the last decade
(Frost et al., 2018Van Dijk, 2018p ¢ KS Y2RSf ¢l a RSaA3IySR (2 &adzll
undertake national water accounts and resource assessments under the Water Act (2007 )-LABVRA
hybrid physical/conceptual model that accepts gridded inputs of climate, soil propertiesgraphic
information and vegetation cover. The structure of AWMRK guided by the desire to incorporate a broad
range of observed and physical data, thereby providing more robust water balance estimates. Outputs from
AWRAL include surface runoff, saihoisture, evapotranspiration, and deep drainage (recharge), which
correspond to the water balance outputs of interest. The model has been developed for undertaking water
resource assessment in Australia and has been adopted as the modelling systemgorjéts

The conceptual structure of AWRAS shown ifrigure2-1 (Frost et al., 2018Runoff in AWRA is generated

via infiltration excess overland flow, interflow between soil layers, groundwater flow from the groundwater
store to the stream, and saturated overland flow from groundwater saturated areas. These processes are
represented aarss three soil layers: Topl® cm, Shallow 1100cm, and Deep 16800cm soil. The layers

used in the national scale model, along with the units; brief description about source data from which each
of the layers are derived; and the processing techniqusesl to generate the layers are outlined in Appendix

A. The model has 21 calibration parameters that are used to scale the values of the spatial inputs.

At a national scale the model runs on a daily timestep and 0.05° grid (approximately 5 km cell size) simulating
the landscape water balance for Australia from 1911 with results up to yesterday provided online
(https://awo.bom.gov.au). Vaze et al. (2018)eveloped a 0.01° grid model; while not practical to run at a
national scale, the higher resolution model demonstrated improved performance for a case study in the
Murrumbidgee catchmen{Vaze et al.,, 2007 Vaze et al. (2016)nhcreased the number of Hydrological
Response Units (HRUs) from twrepresenting deep and shallow rooted vegetatioto five, adding
irrigation areas, permanent water bodies, and impervious areas.

The five HRU model with the higher resolution grid has been used in this work given the region specific (as
opposed to national) application; existence of irrigation areas in the region (predominantly vineyards and
centre pivot); frequent changes in spdtisnodel inputs (e.g., land cover); and improved process
representation provided by the 0.01° grid model.

Topographic data is required to delineate catchments, to aggregate théasdld output from AWRA to
represent how runoff will accumulate. Identifying this direction of flow is-tronal in the very flat and highly
modified landscape of the region, @rprevious catchment delineation used in this work is summarised in
Section2.2. Each grid cell in AWRAhas a hypsometric curve and mean slope specified, which has been
updated based on the higtesolution topographic information available in the region. This is used with
groundwater depth estimates to generate saturated overlaloavfwithin each grid cell.
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Figure2-1 AWRAL conceptual structurereproduced fromFrost et al. (2018)Purpleboxes areclimate inputs;blue
rounded boxesepresentwater stores;red boxesare calculatedwvater flux outputs;brown rounded boxes represent
the energy balanceand geen rounded boxes: vegetation processes.

Other AWRAL input data can be classified as meteorological variables, vegetation variables, surface
properties, and soil properties

1 Meteorological inputs(purple boxes inFigure 2-1) include precipitation, incoming shortwave
radiation, maximum and minimum temperature, and wind spdegkcipitation is a significant driver
of water availability and reviewed in Sectigr8.1

1 Vegetation properties include fraction of tree cover, leaf area index and vegetation h&luytge
inputs are involved in the vegetation phenology component of the model, as well as specifying the
proportions of the different hydrologic response units within each deHta to inform these
components of the model are reviewed in Sectib8.2

1 Soil properties are generally related to the saturated hydraulic conductivity and water storage
capacityand clay contenof each soil layereviewed in Sectio.3.3 These parameters are used to
configure thewater holding capacity and drainage rates between the water stores in the model (blue
rounded boxes ifrigure2-1).

A number of studies have calibrated AWR multiple datasets concurrentlfizarnivand et al. (2022)sed

a multiobjective approach to calibrate the model to streamflow, remotely sensed actual evapotranspiration,
and top layer soil moisture. In muilbbjective optimisation there are tradeffs between the objective
functions, where selecting parametenlues that improve the model performance against one objective
results in reduced model performance against another objecézarnivand et al. (2022pund the largest
trade-off was between the runoff and soil moisture components, where selecting the best model for one
component (e.g. total runoff) resulted in poorer performance for the other component (soil moisture, and
viceversa).Viney et al. (2015applied a similar joint calibration to multiple components of AWWRand
found a similar result that improving performance of all components of the model inevitably came at the
expense of metrics representing streamflow accurakymore accurate representation of the full water
balance may result in more valid extrapolations from the historical climate to scenarios considering climate
projections.This concept will be explored further in this project, where there is expected to be value in an
accurate representation of the full water balance for ttegiongiven the large component of recharge and
groundwater use in the regiolatasets that can beompared to model states and outputs (Jeigure2-1)

to calibrateparameter valuesire reviewed in Sectio®.4, including
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1 streamflow datadirectly related to the total discharge to stream model output

1 groundwater levelrelated to thegroundwater store and changes in groundwater level related to
deep drainage

1 remotely sensed soil moistutie expected to represent the storage in the surface soil store

1 remotely sensed actual evapotranspiratioauld be related to the actual evapotranspiration model

output, and

1 remotely senseddaf area indexs a component of the vegetation leaf biomass (green dmarbox
in Figure 2-1), which then in turn influences the modelled transpiration and actual
evapotranspiration.

2.2 Topographic data

AWRAL contains input grids to represent the average slope within a grid cell, and to quantify the hypsometric
curve, a cumulative density function of sghd elevation data. The hypsometric curve is used to determine
the proportion of the groundwater stage that is connected to the lowest drainage point in the grid cell
(Peeters et al., 200)3These AWRA input grids have been updated based on the Rigital Elevation Model
(DEM) available for theegion

The DEM othe South Eas{Figure2-2) was developed from aerialiRAR (Light Detection and Ranging)
imagery flown by AAM Hatcds part of theNational Water Initiative (NW,Iyvhich aimed to develop a flow
strategy for the South East of South Australihe IDAR datavasvalidated by a grountbased network of
differential GPS station¥he accumulated data was processed into grid formats at@timvertical accuracy
of 0.15 m.

Wood and Way (2011) undertook a catchment delineation process using ArcGIS Hydro data model. A coarser
10 m South EastDEMwas NP OS a4 SR FTdzNIKSNJ Ay 2NRSNJ G2 06S dzaSR
functions. The purpose of the pygocessingvas to ensure that the physical features of the landscape that
direct water flow such as th&outh East drainage network, embankments and bunds were adequately
replicated in the DEM. Pygrocessing included filling voids in the DEM to prevent artifictatially draining

OF GOKYSyiGtaT RNIXYAyYyIlI3IS tAySa 6SNB RAIAGAASR YR ao
LINS&ASyOS 2F SYolylYSydaT yR aaiayilaéd 6SNB ONBIGSR
catchment systems.

(

Arc Hydro was used to derive flow direction and flow accumulation layers, which are integral to all
subsequent analysis. Flow accumulation plays an important role in the derivation of stream netviguks.
2-3shows the flow accumulation raster layer for a section of the region (Way and Wood, 2011), which in turn
was used to derive drainage lines. Segmentation of the drainage lines was undertaken to allow the
identification of junctions in the drainage netwoahnd ensure calculations at locations of interest (e.g., at
gauging stations). Once drainage lines have been delineated and segmented, catchment polygons can be
defined. The flow direction raster and segmented drainage lines are required to perform tkjsvigs an
example shown ifrigure2-4.

The catchment delineation outlined aboweas used to inform the domain for the AWRAmodel. The
boundary of the LLEWAwas used as a starting poimxtended to also include the adjacegtoundwater

management zonesf Pathway PWA and th8outh AustraliaVictoria Bbrder AgreementZone. Thedomain

was further extended to include the full contributicgtchments of Mosquit@€reek NaracoorteCreek, and
Drain CThe resulting model domain is presentedrigure2-5.
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Figure2-2 2m resolution Digital Elevation model (DEM) available for the region. In the north east of the domain data
from Wimmera Catchment Management Authority was used for catchment delineation (Wood and Water, 2011).
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2.3 SpatialAWRAL inputs

2.3.1 QIMATE

The South East @outh Australia has good spatial and temporal coveragaiofall stations(Figure2-6),
with daily rainfall records available from as early as 1860 data review and quality assurancanfalldata
was sourced from th&IL(patched point datasefleffery et al., 2001 This datasetvasderived from Bureau
of Meteorologydata, with missing data infilled using interpolated valugsalysis of daily rainfall data was
carried out for this study using tf8WToolRR package to assess quality and homogeneity of (faitabs et
al., 2024.

Table2-1 lists 11 SILO stations selected for analysis that cover the region with long term observetheata.
Robe and Mount Gambier Aero stations are part of thdzNB | dz 2 ¥  ai§hiqSafitiNRirifall Saidd &
network, suitable for climate change studiee¢ Sectiord.1.2). Where a station was established pds289

or closed, data has been interpolated using a nearby station. Interpolated data is shown with orange colour
and recorded data is shown with dark green colouFigure2-7.

Table2-1 List of highquality SILO stations within the model domain.

Percent Meanannualrainfall  Elevation

Station missing (mm) (m AHD Established Closed
Beachport 26000 7.49 702 9 1881 -
Millicent 26018 12.22 748 20 1877 -
Robe 26026 1.04 636 3 1860 -
Kingston 8§ 26012 6.68 575 7 1875 -
Lucindale Post Office 26016 6.29 601 30 1879 -
Frances 26007 2.2 517 103 1889 -
Penola Post Office 26025 9.71 646 62 1861 -
Lake Leake (Kooeeyong) 26014 9.63 827 105 1892 -
Naracoorte 26023 17.81 566 58 1868 2001
Cape Northumberland 26005 14.44 715 5 1864 2006
Mount Gambier Aero 26021 34.84 729 63 1941 -
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Figure2-7 Data quality codedgor each rainfall station

The monthly rainfalland 2 NIi 2 y Qa ¢S i SogtéhfiaNRaporrangpiratidn KBE®) 11 sites can
be seen irFigure2-8. The box plots represent theariability inmonthly rainfall and solid lines th@onthly
average PET. The whole period of the SILO rainfall ret888q2022, inclusive)wasused to producehe
plot in Figure2-8, and all stations exhibihg the same trend over this periodypically, rainfall exceeds PET
from May toAugustSeptember, with the rest of the yesypicallywater limitedwith more PET than rainfall

The annual rainfall at each of the 11 sites is presentédguare2-9, including a 5/ear rolling average trend.

An overall decreasing trend of annual rainfall can be observed for 7 out of 11 sites. The biggest reduction in
annual rainfall was observed at site 26012 (Kingstone SE) with the slep& dimm/year. A MamiKerdall

test has been used to test for any statistically significant monotonic trend over time, with the p value of the
test included inFigure2-9. Values of p<0.05 are typically accepted as statistically significant, indicating that
following the hypothesis that there is no trend over time in the data that can be rejected at a 95% confidence
level. Given the high variability in rainfall from yearyear, most of the trends were not determined to be
significant, but three stations across the northern part of the region including Kingston (26012), Lucindale
(26016), and Naracoorte (26023) did have statistically significant trends, with reductiasfail of-0.7 to

-1.2 mm/year based on the slope of a linear regresdtaret al. (2019%pund statistically significant negative
correlations between time and both the amount of groundwater recharge as well as the percentage of annual
rainfall that resulted in recharge, implying that both recharge and its percentage of rainfall had a degreas
trend over the period considered in that study (192012).

For the purposes for inputs to AWRAthe 0.01 resolution Australian National University (ANU) Climate
(GH70) vdroduct has be used(tps://dx.doi.org/10.25914/60al10aa56dd)bThis product is based on the
rainfall station data presented in this section but has a resolution that matches thé AWRAL model,
compared to other coarser products available, such as @ftdey et al., 20Qlor AWARJones et al., 2009
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Figure2-8 Monthly rainfall at each station as boxplots and the mean monttgptential evapdranspiration as a line
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Figure2-10 Comparison of anual rainfallat each station with the average of annual rainfall from other stations

2.3.2 HYDROLOGICAL RESPONSES

AWRAL originally had two hydrological response units (HRU#) represent the differentstreamflow
responses of shallow ardkeprooted vegetation within each grid cellhe main difference between these
two HRUSs ishat the shallow rooted vegetation has access to subsurface soil moisture in the two upper soil
stores only (top 1m of soil in the current implementation), while the desgted vegetationcould also
transpiremoisture in the deep store (top 6m of soNjaze et al. (201@xtended the model to include three
additional HRUsincluding impervious areas, irrigated agricultural areasnd large water bodies.
Hydrologically, these five HRUs differ in their aerodynamic control of evaporatiaheir interception
capacitiesand in their degree of access to different soil laydiise methods used to model the irrigated
hydrological response unit are very similar to the shallow rooted hydrological response unit, howeeer the
is an additional provisioim this HRU to applyirrigation water.
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The proportion that is occupied by each of theHRUsvithin an AWRA. grid cells set to a value obtained
from a configuration layetn reality, these proportions are not fixed as land use changes over@mages
in land usehave not been represented iIMWRAL previously, and this functionalitgasbeen developed as
part of this project.

The South Australian Land Cover Layéfgloughby et al., 2018represent land cover ifive-yearepochs
over the Landsat record from 1987 to 20dMhese layerprovide a consistenthroughtime, wholeof-state,
spatial land cover data setnd include classifications related to each of the AWRARUSs. Digital Earth
Australia(DEAhave a similar land cover produlbased on Landsat imageflyucas et al., 2039 Thisdata
productis available at an annutime step however, does not include an irrigated agriculture classification.
Inspection of the annual layers also revealed the land cover classifidatittre DEA datasetad large,
unrealisticchanges in land covérom year to year, likelgdue tovegetation response teainfall, resulting in
different land cover classificatioklence, the SA land cover layers have been preferred as the land cover data
source where available (i,én SA), and the DEA product is used in Victéoa.the DEA productheé median
land covelfor each25m pixelin each5-year period, corresponding to the SA land cover produgas taken

to provideaconsistent time step in the land cover layers and to rem&wae of theyearto-yearvariability.
For the irrigated areas in the Victorian portion of tlegion the national scalAWRAL modelwas usedand
hence was assumed to not change over tifide mapping from each land cover classificationthe
proportion of HRU, based on 2% land cover pixels to each 1k&WRAL grid cell is outlined inTable2-2.
For estimates of land use that predate the Landsat éfarrington et al. (2015b)nterpreted aerial
photographsand irrigation bore drilling records to create a 1969 land use map. A 1983 land use map was
also created, based on the 1969 map and modifying aaffasted by bushfires in 1983he 1983 map has
not been used for the purpose of AWRAIRUS, givenhis near the start of the Landsat satellite record (1987)
and the satellite-basedproduct is preferred to provide a consistent apprdamver the majority of the
calibrationperiod. The resulting HRU proportions over time are presented in Fidil8d$, wherethere are
changes in the proportion of deeqpoted vegetation and irrigated are@s some pixel®ver the 19962020
period.
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Table2-2 Mapping from land cover product to proportion of AWRKA hydrological response units

AWRAL HRU South Australian Land Cover Digital Earth Australia 1969 Land use

Land Cover

Water water unspecified water_seasonality = sem water
permanent or permanent

Impervious urban areabuilt-up area level 3 =artificial surface intensive uses (mainly urb@mural residentialmining and waste
or natural bare surface

Irrigated irrigated nonwoody, orchards or vineyards none (existing AWRL) irrigated cropping,irrigated pasturesjrrigated horticulture interpreted
agriculture irrigation, crop orirrigation

Deep rooted woody native vegetation mangrove vegetation Lifeform=woody nature conservation, hardwood plantation, dryland horticulture, softwc
vegetation plantation (softwood) plantation (hardwood) vegetation plantation, native vegetation, scattered native vegetation, young fore

(seedling), production forestry, interpreted dryland vineyard, yot
forestry (almost closed canopy)

Shallow rooted non-woody native vegetationsaltmarsh vegetation remaining proportion not other minimal use, grazing modified pastures, dryland cropping, cleart

vegetation wetland vegetation natural low cover salt lake or classified as other HRUs modified pasture, interpreted crop, land in transition, intensive animal .
saltpan dryland agriculture exotic vegetation plant production, grazing native vegetation, recently cleared, clearec
disturbed ground or outcrop forestry, other protected aras

1 On inspection of pixels within Mount Gambier and Milligghe & y I { dzNJ f  @lhshifSatidrmueBpbnOesl £0 areas expected to be impervious
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1987-1990 1990-1995

Figure2-11 Proportion of deeprooted vegetation in each 1km grid cell over timavith boundary of the Lower
Limestone Coast Prescribed Wells area for reference
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Figure2-12 Proportion of irrigated area in each 1km grid cell over tim@ith boundary of the Lower Limestone Coast
Prescribed Wells area for reference
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Figure 2-13 Proportion of water in each 1km grid cell over timevith boundary of the Lower Limestone Coast
Prescribed Wells area for reference
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Figure2-14 Proportion of imperviousareasin each 1km grid cell over timewith boundary of the Lower Limestone
Coast Prescribed Wells area for reference
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AWRAL requiresinput grids for saturated hydraulic conductivity and available water holding capacity in each
of the three soil layersonsidered (610 cm, 16100 cm and 10800 cm) as well as the soil effective porosity

and the hydraulic conductivity dfie unconfined aquiferThe approach used in the existing AWR/puts

(Vaze et al., 2008derived the soil parameters from clay conterdata available in the Australian Soll
Resources Information System (ASRIS) datatmaggedotransfer functions (PTFs) to derive the parameter

of interest (Dane and Puckett, 199Minasny et al., 1999 This approach was adopted to provide
continuously varying soil properties in space and depth, as opposed to the approach of classifying regions of
similar soil types, which results in the unrealistic case of homogeneous properties within a soil tygeend
discontinuities across soil type boundaries

The national AWRA inputs for soil effective porosity and the hydraulic conductivity of unconfined aquifer
are based on surface geology mapping and a lookup table from litholdgfleiée Morgan et al. (2015)oted

that there is a surprisingly small amount of measured hydraulic parameter data available for the South East
of South Australiathere have beeseveralstudies that havestimated thesehydraulicproperties that may
providemore accurate regional scale estimates.

The 2015 South East Regional Water Balance Pigjectington et al., 2015aundertook modelling of the
unsaturated zoneo derive estimates of rechargesingmodels have similar data requiremertempared

to AWRAL The LEACHMnodelling (Morgan et al., 201pconsideredfive soil textural classesased on
existing mapping, inombinationwith different land use and climateariables. TheWAVE$nodelling(Doble

et al., 2013 usedsevensoil types based upon a classification of the clay canteith parametersadopted
representative of the clay conteig€Carsel and Parrish, 198&imilar to the LEACHM modelling, the different
soil parameters were combinedith different land use and climateariables Both models considered the
influence ofdepth to the water table on the recharge estimates.

Doble et al. (2017)ised the WAVES recharge modelling as an input to MODRt@Wdwater modelo
undertake regional scale modelling of diffuse recharge, and as part of that modellihgdheulicproperties
required for AWRA. werecompiled. Thesoil effective porosity and the hydraulic conductivilyAWRAL

have been updated based on the local scale worboble et al. (2017)he calibration process will scale the
range of values across each grid to determine the final absolute values, and as such the magnitude of the
values in each grid cell of each layee of lesser concern than an accurate representation of the spatial
patterns.

2.4 Calibration data

An accurate representation of observed streamflow is a key objective of a rainiaff mode| and
necessary to quantify water availabilitfistoricstreamflow datais available for48 gauging stations located
in the study area(listed in Appendix Bhowever data from these sites are of varyipgglity and length.
Available daily streamflow dataasprocessed for all 48 gauging stationsatgsess and compare the quality
of dataand to help withidentification of suitable sites for the purposes of modalibration.

Figure2-15 shows the location ofstreamflow gauging statisusingtwo classificationsThe length of the
recordeddataat each stations represented by thaize of the trianglesymbols while the proportion of the
volume of recorded data thas less than the maximum gged flow at each sites differentiated bysymbol
colour. A higher proportionindicatesgreater confidencen data qualityasit meansthe majority of available
data has been calculated based othe rating curvesthat have beendevelopedusing measurements of
streamflow (gaugings), as opposed to theoretical or extrapolated relationships

Since the AWRA model does noexplicitly represent draimegulation, data from all stations that are
affected by regulation need to be removed. These incloday gauges in the Upper South East, as well as
along Drain M downstream of Bool Lago@theranthropogenic influencesuch as discharge from Millicent
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WastewaterTreatment Planinto the drain contributing tdrain 44(A2390532)SA Water, 2012 were also
identified to remove measured streamflow stations that were influencetuoyan intervention, rather than
the natural rainfalrunoff response Sation A2390523wvasnot usedin calibration due to the difficulty in
delineating the contributing catchment areau®to the very flat terrainthe catchment area delineated
using the approach dVood and Way (201Xesulting in a catchment boundary thatasimplausiblylarge
given the discharge recordddee Sectiol.4.1). Considerindhe two classificationpresented inFigure2-15
and these additional requirements for unregulated catchmenith accurate catchment boundarieseven
stations(Table2-3) were identified asigh-quality unregulated stations suitable for model calibration, with
the contributing catchment areas givémFigure2-16.

Table2-3 List of selected gauging stations for calibration purposes

Proportion
Max.
. Catchment of volume
Station : gauged
Station name area below max
number flow .
(ka) (m3/s) gauging
(%)
A2390510 Drain L @ U/S Princes Highway 1971 2014 463 6.7 94.4
A2390513 Reedy CreekMt. Hope Drain @ 7.2kmE 1971 2022 538 26.2 98.9
South End
A2390515 g";';zrs RENES SCUED RIED @ R EREL - qeen g 493 21.7 99.6
A2390519 Mosquito Creek @ Struan 1971 2022 1002 53.4 99.1
A2390527 Wilmot Drain@ 9.2km From Drain L 1973 2014 271 8.1 96.7
A2390531 Moramb_ro Ck @ BordertowhNaracoorte 1976 2022 567 8.6 95.0
Road Bridge
A2390542 Naracoorte Creek @ Naracoorte 1985 2017 910 9.2 96.4
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Flow duration curves show the percentage of time for which a specified flow is equalled or exceeded over
the period of the flow record-lowduration curvesare shown irFigure2-17 to providesome information of

the flow characteristics ahe region including data from eactiecadeseparatelyto indicatevariability over

time. For each of the streamflow gauges, the hitgw end of theflow duration curve is very steep,
representingthe component ofrunoff in these catchmentshat is highly responsive to rainfallvith the
longerlow-flow end ofthe flow durationcurve indicative of the groundwater contribution to streamflow.
Someof the flow durationcurves inFigure2-17 show a period of ndlow conditions with the proportion of

time with no-flow increasing in more recent decades.
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Figure2-17 Flow duration curvedor the high quality, unregulatedstreamflow gauges
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Asthe largest source of water for consumptive usehe regionis groundwater it is important tohave a
realistic representation afecharge antbr groundwater level in the water balance mod@MWRAL does not
have a direct output of @undwater levelthat can be calibrated to observationshe model does have
infiltration and drainage rates between the soil stothat could be calibrated toalculatedrecharge rates.
However, it is difficult tadetermine a suitable recharge rate use as a calibratiotarget;, for example
decidingif a gross rechargeate (e.g, from the water table fluctuatiofWTF)method) or netrechargerate
(e.g, chloride mass balanadter extraction ancevapotranspiration) is more appropriatejth up to an order
of magnitudedifference possiblebetween these two estimategther issues with using recharge rates
calibration targetsnclude the requirement to assume uncertain parameters, for examplespleeific yield
in the case ofthe WTFmethod. Instead, it is proposed toorrelate changes ithe level ofthe storagesin
AWRAL with changes in the observed groundwater leveimprove the mode® representation of trends
in the longterm stores An objective functiorbased on ecorrelation coefficientavoids the need to have
values in the same unit3esting during the calibration process conskelgcalibrating todifferent soil stores
with different objective functions.

Water level datafor the observation wellswithin the model domainwere obtained fromBureau of
Meteorology Groundwater Explorer(http://www.bom.gov.au/water/groundwater/explorer/map.shtm)l
Suitable wellsvere filtered toincludethose with sufficient datadefined asmore than20 years of records
with more than 100 reading@~igure2-18). For the purposes of model calibratiote groundwater levels
were interpolated to a monthly time series using HydroSigfPeterson and Fulton, 20),9and spatially
weighted (using@ hiesserpolygons) to calculate a catchment average water level time series.
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Soil moisturgSM)is widely recognized as a key parameter in latrdosphere interactiongMa et al., 2019
McColl et al., 201)7 The intended purpose of thEBMdataset is to provide a calibration target for the upper
SMstore in AWRA., representing the top 10 cm of sdllhe waterin this storage may ndbe in the same
units as theSMdata, and as such metritike acorrelation may need to be adopted calibrate the model
to patterns of high and loMwithout necessarily producing the same values.

Ma et al. (2019¢omparedthe accuracy o$everakremotely sense@Mdatasets to 572 in situ measurements
worldwide, including 46sitesin Australiaacross two sensor network$he products assessed wetee Soil
Moisture Active/Passive missioBNIAP, two Soil Moisture and Ocean Salinity prodsjthe Land Parameter
Retrieval Model Advanced Microwave Scanning Radiomet&PRMAMSR2product and the European
Space Agency Climate Change InitiatzBACCI) productwhich merge multiple singlesensor active and
passive microwavesM products (Dorigo et al.,, 201)7 The study foundSMAP outperformed the other
products in terms ofepresenting temporal patternaccording tothe correlation value, with ESA Cdlo
producing very similar values for the two Australian networks. ESA CCI had the Rowtstiean Square
Error(RMSIEin the SM values, across the full comparison as well as for the two Australian nethoeksSSA
CCl data product was used Hymphrey et al. (201&)s an input fostreamflow forecasting in the Drain M
system.

The ESA CCIl and SMAP daatee compared tdfield soil moisture datao test the suitability of the remotely
sensed data product® the region. Two SMsensorsn Western Victoriavere identified the firstsite was
the CosmieRay Neutron Soil Moisture sensorkamiltonmaintained by the CamOz networKHawdon et
al.,, 2014, and the scond was at the Gatum Pasture flux statioestablishedby the Department of
Environment, Land, Water in collaboration with Monash University and La Trobe UnivEhsynits for
each dataset were differenSMcontent (%)at Hamiltonover a variable deptlisingthe CosmieRay sensqr
surfaceSM(mm)usingSMAP andthe volume of wateper unitvolume of soilifr®* water/m? soil) in the top
5cm of soil at Gatumand from ESA CCI. To enable compar@omwss data sourcegach dataset was
normalised to have a mean value of zero and standard deviation ofTdris is considered appropriate as a
similar pattern matching will be used in the calibration of the AWRModelas the units will be different
again (depth of water in a conceptual storagaih earlierSMdatasetcollected in forestry sites across the
Green Triagle, as outlined inrBenyon and Doody (2004¥as also sourced for comparisortis data coves
the period2000-2008 and hence predate the SMAP satellitéh only a comparison to ESA CCI possiliie
locationsfor each site can be seenkigure2-19.

The results indicate that the remotedgrsed datasets provide a useful representation3ilwhen compared
to field datafor the sensors aGatum and Hamilto(Figure2-20andFigure2-21). FromFigure2-21the SMAP
dataset producd slightlyhigher R valuesat Gatumcompared to ESA C@bssibly due to the higher spatial
resolution (9 km compared to 25 kmHowever the difference are relatively small, with simildow bias
(lines of best fit are similaand along the 1:1 lineand variance (spread of points around this lmeimilar).
The comparison between ESA CCI and the forestry field data sites is providgdreR-22, with the field
data available for different periods depending on the locatiAgain, the remotely sensed data product
providesa good representation of the field data, particularly when short term variationsa@thedusing

a l4-dayrolling average.

The SMAPdatasethas a number of advantages, includiaglightly highecorrelation to field data in the

study region and globaliMa et al., 2019 comparativelyhigher spatial resolution, and near real time data

is available. However, the major disadvantage of this dataset is the satellite was launched in 2016 and hence
the data record for model calibration is relatively short. In comparison, the ESA CCI diasageibn data
sources commencing in 19/8cluding5 active and 12 passive microwave sensors. Given this longer data

Water Availability for South East Drainage Adaptafi@oyder InstituteTechnical Report Serie®9



recordandacceptableperformance when compared to field soil moisture measurements in the study area,
the ESA CCI data set has been deedhodel calibration and testing.
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Figure2-19 Locations of soil moistur@and actual evapotranspiratiorfield data
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Figure2-20time series of soimoisture for in-situ sensors (field) and two remote sensing products
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Figure2-21 Scatter plotcomparing field observed and remotely sensedil moisture values
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Figure2-22 Time series ohormalised sd moisture estimates from field sitegBenyon and Doody, 20Q4and the
remotely sensed European Space Agency (ESA) Climate Change Initiative product
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