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Final Report

Executive Summary

Introduction

This report is the outcome of a pilot study to deiee whether a proposed method of total water
resource assessment is viable using the limiteitbdla data in catchments of tropical northern
Australia. It seeks to formulate this proposed métand then test whether it can provide an
integrated assessment of the surface water anadn@ier resources available in two pilot river
basins in the Northern Territory.

The Australian Government has established the MortAustralia Land and Water Taskforce to
“examine the potential for further land and watevelopment in northern Australia, in a manner
that is ecologically, culturally and economicallystainable” (Minister for the Environment and
Water Resources, 29/7/07). Assessment of watalalewent proposals to date has been
hampered by the lack of information that can beluseeasonably estimate the volume of water
currently available to the environment and the propn of that water potentially available for
consumptive users. This project specifically sdekaddress this knowledge gap and provide a
method by which information can be obtained thaieisessary for a technically defensible and
environmentally responsible water allocation polityndividual river basins.

The basins selected for investigation in this stadythe Adelaide and Finniss River basins. These
basins were selected in consultation with projtadteholders (especially the Department of
Natural Resources, Environment and The Arts, NREFa@ged on their hydrogeological
characteristics and the availability of gaugedatefwater data. The catchment area upstream of
streamflow gauges was just under 20% of the tots af each of the Adelaide and Finniss River
basins. These two river basins mainly interachwibn-carbonate aquifers, which means that
rivers in these basins typically display less pesmirce discharge from groundwater into surface
water, however some individual catchments withasthriver basins contained areas of carbonate
aquifer that influence the low flow properties o€l streams.

Stakeholder requirements
Discussions with NRETA established a number of ireguents for the method of water resource

assessment being developed, namely:

= Methods should facilitate a water resource assassnigch includes consideration of
groundwater and surface water interaction and pécagble to ungauged areas of tropical
northern Australia.

= Methods should take into consideration long-terimate variability, as the climate over the
last few decades is considered to be wetter thewiqurs decades.
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= Methods should be clearly stated as being appkcabtatchments with predominantly
carbonate or non-carbonate aquifers or both, alggic behaviour and hence water
management decisions are likely to be differematthments with predominantly carbonate
aquifers, which have sustained dry season flows.

= Methods should practically inform the water resesrallocation process.

Research Outcomes
A method was established for reliably estimatindrbjogic information in the largely ungauged

trial basins of the Adelaide and Finniss River$ie Tevelopment of this method and its application
in the two trial basins produced the following autes:

Period of assessment for water allocatiefhere is high variability in climate and stre&omf in

the Adelaide and Finniss River basins. Averagefa#iover the period of gauged streamflow data
(1965-2005) was approximately 5-16% higher tharidhg-term average (1872-2005).
Streamflow was estimated to be in the order of Ze2gher than the long-term average in the
Finniss River basin and lower reaches of the Adel&iver basin, and 46-64% higher in the upper
reaches of the Adelaide River basin. Climate chagmgjections from CSIRO indicate that
conditions over the coming decades could eitheoimecwetter or drier relative to 1990 conditions,
depending on the climate model used and the asslaveldf greenhouse gas emissions. Given
this uncertainty, it is considered prudent in tingt instance to represent current streamflow
conditions as based over the longer climate pdi8d2-2005) to allow for the possibility of a
return to drier conditions as part of natural irdecadal variability. Allowance for a range of
climate change conditions as part of the allocgpimtess should be undertaken with reference to
this long-term baseline. The method of derivingger-term hydrologic information for this trial
project involved scaling of results based on rdimtanoff models calibrated to the shorter period
and applied over the longer period.

Methods of determining groundwater and surface miateraction in gauged catchmentsA

digital recursive filter has been used in the Ailelaand Finniss River basins to estimate baseflow.
This technique is expected to be applicable toratatchments across tropical northern Australia
which display relatively stable rating tables. liPmenary investigation of the use of rainfall-ruthof
models to estimate baseflow yielded mixed suceei$is,no single model being able to replicate
both baseflow and surface runoff in an objectivennaa. It is expected that more detailed
investigations would allow the development of aaagtual model specifically tailored to
groundwater processes, and that this would praviaere reliable means of estimating both
quickflow and baseflow conjunctively in other pasfghe tropical northern Australia where a mix
of carbonate and non-carbonate aquifers exist.
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This study does not consider in detail the timedatyveen groundwater extraction and a
subsequent response on the river. This study ldm&sver highlight the stark differences in
groundwater and surface water interaction fromwbeseason to the dry season. This creates the
potential for seasonal groundwater extraction igaut of phase with baseflow discharge to
streams during the dry season. That is, pumpiogrgiwater in the dry season at some distance
from surrounding rivers could result in a reductiemaseflow during the wet season rather than
the dry season.

Evapotranspiration from groundwater was estimagaaguthe results of field measurements from
previously published studies to assist in quamigythe volume of groundwater that could be
allocated in excess of baseflow at a given grouteiwaumping location. The further that a
groundwater bore is from a stream, the greateopip@rtunity for evaporative loss from
groundwater between the bore and the stream. liogvef groundwater tables due to groundwater
pumping would result in lower losses due to evatamaand evapotranspiration between the bore
and the stream, which would potentially mean thaigher volume could be allocated from
groundwater at the bore than at the river, assumingnacceptable impacts on groundwater
dependent ecosystems.

Groundwater discharge that is not recorded atttearsflow gauge at each catchment outlet, such
as discharge to offshore or adjacent catchmentsgai@mated using Darcy’s Law and found to be
negligible relative to baseflow volumes for the fdde and Finniss River basins.

Applying the technique to ungauged area& range of indicators relevant to both resource
assessment and ecology estimated in catchmentgatited streamflow data was successfully
transposed to ungauged areas using readily avaitaibthment and climate characteristics.
Catchment area was the main catchment charaatesisich proved useful for predicting those
streamflow indices which are expressed as a flogmtade. Distance from the coast, which was a
new variable introduced for this study, was usefydredicting high flow and wet season indices.
Low flow dry season indices were generally fountbéazero because of the general absence of
carbonate aquifers in these two river basins. gaddent variables used in the prediction equations
were sometimes outside of the range of values insgelveloping the equations, particularly in the
smaller coastal streams where there is limited-teng gauged flow data. The prediction
equations used to estimate all flow indices wegead fit to the available data, but results will be
further improved with larger sample sizes in subeed applications of the method to broader areas
across northern Australia. For this reason, thienates of water availability in the Adelaide and
Finniss River basins should be considered as raea$oreliable, but also preliminary in nature.
Temporal variability of streamflow in the candidasgchments was found to be more important
than spatial variability, which is an importantding when weighing up the relative differences in
spatial and temporal availability of streamflowalat future applications of this method to the
remainder of tropical northern Australia.
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Water availability for the Adelaide and Finniss &ibasins— The potential benefits of the
techniques adopted in this study are demonstratdeiestimate of water availability in rivers in
the Adelaide and Finniss River basins shown infleédu These results show the relative
magnitude of dry season and wet season flows, hasvthe relative magnitude of baseflow and
quickflow. The sensitivity of results to the assaent period used in the analysis is also shown.
The long-term (1872-2005) total resource availétam rivers in the Adelaide River basin is
estimated to be 2300 GL/yr with a dry season basedif 35 GL/yr. Similarly, the long-term
resource available from rivers in the Finniss Rivasin is 3300 GL/yr with a dry season baseflow
of 48 GLl/yr.

It is proposed that the volume of the availableumhgroundwater resource from the Adelaide and
Finniss River basins is equal to the volume of fhaseplus a spatially variable groundwater
evapotranspiration loss. The long-term (1872-2@%&rage annual volume of baseflow is

660 GL/yr in the Adelaide River basin and 890 Glifythe Finniss River basin, with most of this
being discharged to rivers during the wet seaddrere is the potential to possibly draw upon
groundwater in the dry season without adverselyctifig baseflow until the following wet season,
when baseflow is more plentiful. Evapotranspinatimm groundwater was estimated to be on
average around 565 mm and 557 mm in the wet seasba Adelaide and Finniss River basins
respectively and 109 mm in the dry season in be#r basins. Whilst the change in groundwater
level due to groundwater pumping will be localised specific to individual bores or borefields,
by way of example, if groundwater pumping weredase a 10% reduction in groundwater
evapotranspiration across these river basins tierdlume associated with that change would be
500 GL in the Adelaide River basin and 610 GL i@ Hinniss River basin. Reduction in
evapotranspiration from groundwater could howengryact on groundwater dependent ecosystems
due to reduced access to this water source. Xhimp@e illustrates that reduction in groundwater
evapotranspiration due to groundwater pumping cpaténtially be a very large volume, but
would mostly likely only be made available to grdwater users if any impacts on groundwater
dependent ecosystems could be appropriately managed would need to be assessed for
specific bore locations and pumping rates.

Importantly, these estimates of water availab#iiyninate double counting of the resource in
rivers due to groundwater and surface water intienac The magnitude of double counting is in
the order of the volume of baseflow.

These results differ from those of the Australiaat®¥ Resources Assessment of 2005 because
they cover the whole of the Adelaide and FinnisgeRbasins as well as smaller catchments within
them, and because they have been climate correctedrepresentative of long-term climate
conditions rather than just a single year's vallie National Land and Water Resources
Assessment of 2000 yielded similar results for maamual flow from the Finniss River basin, but
the current project has the advantage of accoufainignger term climate variability and more of
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the spatial variability in streamflows between batents, as well as being able to report on
baseflow and quickflow, seasonal behaviour anchge@f hydrologic indices in addition to simply
reporting on mean annual flows.

These estimates of water availability do not exghjicake into account current use. Estimated
total average annual groundwater extraction adfes#édelaide and Finniss River basins is in the
order of 41 GL/yr. Further analysis and informatigould be required to adjust the existing
estimates of baseflow availability for historicabgndwater pumping, which could be expected to
vary from the current 41 GL/yr over the 1965-20@0i@pd over which baseflow estimates were
initially derived for this study.

4500

Adelaide River at Outlet Finniss River Basin
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1965-2005 1872-2005 1965-2005 1872-2005

s Figure 1 — Estimated surface water resource for the Adelaide and Finniss River basins
(annual groundwater resource is the annual baseflow volume plus a spatially variable
groundwater evapotranspiration loss)

Carbonate versus non-carbonate aquifer§he techniques adopted in this trial projectehdeen
developed in catchments with predominantly non-aaalbe aquifers and are considered applicable
across tropical northern Australia wherever catattsiare predominantly non-carbonate. Some of
the catchments in the study area did however aostane carbonate aquifer and therefore
produced sustained low flows during the dry seastiet season flows were readily estimated in
catchments with carbonate aquifers. As part offatyre rollout of the techniques from this
project, it will first be necessary to check rattagle stability (as was done in this project) and
ascertain the spatial extent of carbonate aquéfersss tropical northern Australia. Preliminary
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investigations undertaken in this study suggedtttiae is a possibility of transposing dry season
hydrologic indices by utilising measures of theeexxtof carbonate aquifer in each catchment.
Alternatively, detailed numerical groundwater mdidglwould be required for carbonate aquifers,
however this may not be practically feasible acedsareas containing carbonate aquifers in
tropical northern Australia in the short term dodhe intensive data requirements and cost
associated with this modelling.

Recommendations

This study developed a methodology and appliedtivo river basins, demonstrating proof of
concept for the technique of estimating groundwaier surface water resources in river basins of
tropical northern Australia with predominantly ncarbonate aquiferés a result of undertaking
this study, it is recommended that:

1. The method developed for this study should be agdb all river basins with predominantly
non-carbonate aquifers across tropical northerrrAlis. This would provide a robust
comprehensive assessment of groundwater and suvédee resources and their interaction in
the largely ungauged catchments in this region.ififeemation that can be derived from this
method is considered essential for the subsegesasament of any large scale water resource
development proposals across tropical northernrAligst

2. Trial investigations should be undertaken to asierhether this technique could equally be
applied to catchments with predominantly carbomaatgfers. Preliminary investigations
undertaken in this study suggest that there iptissibility of transposing dry season
hydrologic indices by utilising measures of theeextof carbonate aquifer in each catchment.
Wet season hydrologic indices are generally a senfeater resource and could readily be
estimated independent of aquifer type.

3. Further work should be undertaken to develop a kdrgonceptual rainfall-runoff model
which better represents groundwater processes te rabably extend streamflows. This is
also expected to reduce the time required to @btnainfall-runoff models in other
catchments in the future application of this tegameiacross tropical northern Australia.

4. Additional long-term monitoring and groundwater rattithg should be undertaken to allow
better information to be fed into this analysishe years and decades to come.
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1. Introduction

The rivers of tropical northern Australia includ@s$e of the Timor Sea (XIll) and Gulf of
Carpentaria (1X) drainage divisions (refer Figur&)1This report is the outcome of a pilot study to
determine whether a proposed method of total wasgurce assessment is viable using the limited
available data in catchments of tropical northeustfalia. It seeks to provide an integrated
assessment of the surface water and groundwatairoes available in two pilot river basins in the
Northern Territory.

The Australian Government has established the MortAustralia Land and Water Taskforce to
“examine the potential for further land and watevelopment in northern Australia, in a manner
that is ecologically, culturally and economicallystainable” (Minister for the Environment and
Water Resources, 29/7/07). Assessment of watalalewent proposals to date has been
hampered by the lack of information that can belduseeasonably estimate the volume of water
currently available to the environment and the prtpn of that water potentially available for
consumptive users. This project specifically sdeladdress this knowledge gap and provide
information necessary for a technically defensérid environmentally responsible water allocation
policy in individual river basins.

The basins selected for investigation in this stadythe Adelaide and Finniss River basins, shown
in Figure 1-2). These basins were selected in d@igun with project stakeholders (including the
Department of Natural Resources, Environment aredAitss, NRETA) based on their
hydrogeological characteristics and the availgbiitgauged surface water data. The Adelaide
and Finniss River basins mainly interact with nanbonate aquifer systems, which means that
rivers in these basins typically display less pesmirce discharge from groundwater into surface
water, however individual catchments within thagerrbasins contained significant areas of
carbonate aquifer that influence the low flow pmbies of local streams.

The basis of the methodology was for total watsouece assessment — which means that surface
water and groundwater resource assessments wataated in parallel and in conjunction with

one another. One of the main benefits in undertatfiese assessments in an integrated manner is
that overestimation of the total resource throughbde counting of groundwater can be avoided.

Aspects of the proposed approach have succesbiely undertaken in regions of southern
Australia in the past, but have never been commgtely tested in tropical river basins. Tropical
river basins exhibit a vastly different climate dnglogy and hydrogeology and typically have far
less available data for use in water resource sg®egs due to the remoteness of the catchments.
These circumstances require particular consideratiecific to tropical northern Australia.
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The contents of the report include:

= Consideration of the period of assessment for wallecation (Section 2) based on
examination of long-term climate and streamflowagas well as climate change projections.

= Groundwater and surface water interaction (Se@&)jowhich includes a consideration of
available techniques for baseflow estimation.

= Discussion of the technique used to estimate aerahgcologically relevant and useful
hydrologic indices in ungauged areas (Section 4).

= A summary of water available in each river basiectfon 5) based on application of the
technique to ungauged areas.

= Adiscussion of applications of the technique ittkments with carbonate versus non-
carbonate aquifers (Section 6).

= Conclusions and recommendations (Section 7).
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VIl TIMOR SEA DIVISION
1 Cape Leveque Coast 14 Daly River
2 Fitzroy River 15 Finniss River
3 Lennard Creek 16 Bathurst & Melville Islands
4 Isdell River 17 | Adelaide River
5 Prince Regent River 18 Mary River
6 King Edward River 19 | Wildman River
7 Drysdale River 20 South Alligator River
8 | Pentecost River 21 | East Alligator River
9 Ord River 22 | Goodmadeer River
10 | Keep River 23 Liverpool River
11 Victoria River 24 Blyth River
12 | Fitzmaurice River 25 | Goyder River
13 | Moyle River 26 Buckingham River

VIl TIMOR SEA DIVISION

1 Koolatong River 15
2 Walker River 16
3 Roper River 17
4 Towns River 18
5 Limmen Bight River 19
6 Rosie River 20
7 McAurthur River 21
8 Robinson River 22
9 [ Calvert River 23
10 | Settlement River 24
11 | Mornington River 25
12 | Nicholson River 26
13 [ Leichhardt River 27
14 | Morning River 28

IX GULF OF CARPENTERIA DIVISION

Flinders River
Norman River
Gilbert River
Staaten River
Mitchell River
Coleman River
Holroyd River
Archer River
Watson River
Embley River
Wenlock River
Ducie River
Jardine River
Torres Straight Islands

Sinclair Knight Merz Pty. Ltd. does not warrant that this image is
definitive nor free of error and does not accept liability for any
loss caused or arising from reliance upon information provided herein.

s Figure 1-1: Timor Sea and Gulf of Carpentaria Drain  age Divisions
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Topographic data has been used in this document with the permission of
Geoscience Austraiia. Geoseience Australia has not evaluated the Data as
i within this and thersfore gives no warranty :
currency or suitability for any parficular purposs.
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Tropical Rivers

Adelaide and Finiss
River Basins

®  Selected Gauges

= Figure 1-2: Location Map of Study Area Showing Sele
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2. Period of Assessment for Water Allocation

2.1 Introduction

One of the key lessons learnt from water allocaitiomighly developed regions of southern
Australia, such as the Murray-Darling Basin, i tttzanges in climate can significantly change the
amount of water available for consumptive usersthacenvironment. This can lead to over-
allocation of the water resource and result innbed to claw back water for the environment
through sometimes costly water saving measure®aadiuy back of water licences. With the
benefit of hindsight from southern Australia, thigiation must be avoided in the relatively
undeveloped areas of tropical northern Austraiantral to the allocation process is a decision
about the climate conditions which will be assurimtd the future as the basis for setting
allocations.

This section of the report illustrates the differes in water availability which can result if
different periods of assessment are used whenndigieg allocations and recommends a preferred
allocation period after considering data qualitypate variability and climate change.

2.2 Definition of wet and dry seasons

The analysis in this study produces informatiorc#jmeto the wet season, dry season and the
whole year. Wet and dry seasons were determimad fiverage monthly flow data at each
streamflow gauge, as shown in Figure 2-1. It wasegnt from this plot that the majority of
streamflow gauges record their highest flows dutirgyear between December and April, while
the lowest flows occur between May and November th® purposes of analysis, these two
periods were thus selected as the wet and dry seadde boundary between the wet and dry
seasons will vary slightly from year to year, buthe long-term it is considered a reasonably firm
boundary. Streamflow response is expected todedall and hence the wet season would be
considered to start slightly earlier from a purdiynatic perspective.
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s Figure 2-1: Average Monthly Flow at All Gauges for Delineation of Wet and Dry Seasons

2.3 Period of available rainfall data

Rainfall data was sourced from the Bureau of Metlegly. The period of available rainfall data is
considerably longer than the available gauged mifiitoev data. The longest available record is at
Darwin, where sites 014016 at the Darwin Post @find 014015 at Darwin Airport collectively
provide a record of daily rainfall from 1869 to éafThe record is reasonably continuous from
1872 onwards. The period of record at specifiationis within the Adelaide and Finniss River
basins varies, however a continuous record ofallitbm 1872 could be readily derived by
correlating the rainfall data at a particular legatwith that at Darwin. The quality of infilled
rainfall data at each site of interest was gengeralhsidered to be very good, and is lower in earli
periods than more recent periods because the gasgddo infill data are further away from the
site of interest. Monthly coefficients of determiion for regression of rainfall data typically
ranged from 0.6-0.9.

2.4 Period of available streamflow data

Streamflow data for all available gauges in thenfsis and Adelaide River basins was supplied by
NRETA and is listed in Appendix B. Gauges thatev@downstream of major regulating structures
such as the Darwin River Dam were excluded fromatiedysis. Tide gauges and gauges on water
supply or small drainage channels were excludedietisas gauges in urban areas. Finally, gauges
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with significant amounts (>10%) of missing data evekcluded. Procedures for infilling data
where less than 10% of the record was missing@septed in Appendix C.

The aim of the selection of the analysis period tedaclude as many gauges as possible, for as
long a period of record as possible, while miningsihe amount of missing data requiring
infilling. It was found that this could most optifiyabe achieved for two different analysis periods
in these two river basins:

= 1965-2005 for which 7 streamflow gauges were slatabuse in the analysis; and
= 1968-1978 for which 11 streamflow gauges were Blgtt use in the analysis.
Further detail on the selection of these two perisctontained in Appendix B.

The available streamflow data was extended to cineperiod of available rainfall data using
lumped conceptual rainfall-runoff models. A véyief models were investigated and in general it
was found that:

i. The four parameter MOSAZ rainfall-runoff model (Sakachiakul and Laurenson, 1983),
which has successfully had its model parametensp@sed to ungauged catchments in south-
east Australia and offered particular advantagekigregard, was found to oversimplify
rainfall-runoff processes in the study area and medsised after initial investigation.

ii. A four parameter NRETA baseflow model (Jolly, 2Q0¥hich was designed to estimate
baseflow in catchments with some carbonate aquiferformed well in this task on a daily
time step, but was unable to model surface runaitgsses in its current form and was
difficult to accurately calibrate in some catchnsgiparticularly in transition months between
the wet and dry season.

iii. The ten parameter SIMHYD rainfall-runoff model (€Wi et al, 2002) was found to calibrate
well in catchments with non-carbonate aquifers ot la daily and monthly timestep. It also
performed well in catchments with carbonate agsiter a monthly time step, but was unable
to reproduce the two-phase recession curve onatiae step that is seen in catchments with
some carbonate and some non-carbonate aquifersd €&dibrations to the daily flow-duration
curve could still be achieved.

iv. There is no observable difference in calibratiocusacy whether the models were calibrated
to spot readings or time series data in these llargm-carbonate catchments, other than
having more data available to calibrate to whengisiie time series data.

On this basis, the approach for the trial studgdtimate water availability over the longer climate
sequence has been to undertake scaling of avemadd®w percentiles using the SIMHYD model
results. Average values have been transposecdedrasiis of scaling the gauged data using the
more robust monthly SIMHYD models over the shod &ng climate periods, whilst daily flow
percentiles have been transposed on the basislpSdHYD model results over the short and
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long climate periods. Daily SIMHYD models were sifieally calibrated to match the 20th, 50th
and 80th percentile flows. Details of the SIMHY@&librations are contained in Appendix D.

In catchments with a mix of carbonate and non-aaat®aquifers, a rainfall-runoff model would
ideally contain the characteristics of SIMHYD foodelling overland flow and interflow
processes, but the characteristics of the NRETAfluag model or a two-bucket groundwater store
for modelling baseflow. It is recommended thatdleired model components from each model
should be combined as part of the next phase @ptioject, which is expected to reduce the time
required to calibrate rainfall-runoff models in etlcatchments in the future applications across
tropical northern Australia.

2.5 Comparison of climate and hydrologic data over different historical periods

The rainfall at Darwin is shown in Table 2-1 ovieree different periods, namely the period of the
rainfall record (1872 to date) and the two perioflsoncurrent streamflow data that were used in
this study (1965-2005 and 1968-1978). It can lem $m this table that average annual rainfall is
around 140 mm/yr or 9% higher over the last fouwradies when compared with the long-term
average. The two alternative assessment perioti86&-1978 and 1965-2005 contained
reasonably similar average rainfalls. Rainfallpared at other locations indicated that rainfall
from 1965-2005 was up to 16% higher on average tifraufong-term assessment period of 1872-
2005. This observation of above average rainfiatlesthe mid-1960s is consistent with that
observed at Katherine by Jolly and Jolly (2007).

s Table 2-1: Rainfall at Darwin over different assess  ment periods

. Average annual rainfall Average annual wet Average annual dry
Period . i
(mm) season rainfall (mm) season rainfall (mm)
1872-2005 1,577 1,359 219
1968-1978 1,713 1,470 265
1965-2005 1,715 1,482 233

Similarly, gauged streamflow data can be compaved these various analysis periods. A
comparison in the catchments used in this stugyasented in Table 2-2. It can be seen from
these two tables that the effect of the wetter @lavof the last four decades is amplified in the
streamflow response. Streamflows in these catctammer the last four decades are on average
around 7-20% higher than the long-term averagherFinniss River basin and lower reaches of
the Adelaide River basin, and 46-64% higher inuppger reaches of the Adelaide River basin.
Modelled and gauged streamflow data is shown asdhee location in each case to provide an
indication of model error when estimating streamflitata over the longer period. These model
errors occur despite achieving a mass balancethinwi% over the full calibration period, which
is often longer than 1965-2005.
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m  Table 2-2: Streamflow over different assessment per  iods

Mean Annual Flow (ML/yr)
1965-2005 flow
Streamflow Gauge Gauged SIMHYD SIMHYD as % of long-
1965-2005 monthly monthly term average
1965-2005 1872-2005
Finniss River basin
Elizabeth River at Stuart Highway 59,800 65,700 55,400 119%
(8150018)
East Finniss River at Rum Jungle 32,400 32,400 26,900 120%
(8150097)
Blackmore River at Tumbling 115,000 113,000 105,000 107%
Waters (8150098)
Finniss River at Gitchams 525,000 511,000 435,000 118%
(8150180)
Upper Adelaide River basin
Adelaide River at Railway Bridge 249,000 251,000 173,000 146%
(8170002)
Adelaide River at Tortilla Flats 473,000 462,000 282,000 164%
(8170084)
Lower Adelaide River basin
Acacia Creek at Stuart Highway 6,850 6,770 6,090 111%
(8170085)

2.6 Climate change
It can be seen from the previous sections thaiagecannual rainfall at Darwin and average annual

streamflows in catchments south of Darwin are higiver the last four decades when compared to
the long-term average. When determining a perfassessment for water allocation, one question
which arises is whether either the last four desadelimate or the long-term climate are more
likely to be representative to future conditiondigit of anticipated climate change.

Predictions of the percentage change in annudatbhfrom 1990 to 2030, 2050 and 2070 in the
Northern Territory were obtained from the Climatea@ge in Australia website (CSIRO, 2007).
These predictions indicate that for thé"H@rcentile estimate, rainfall is likely to charigeless
than +2% to 2070. However, given the large uncetydn global climate model predictions, the
10" percentile (driest) and 9(ercentile (wettest) predictions were also consideThese
predictions are also provided for low, medium afghlfemissions scenarios. This information is
documented in Table 2-3 and is shown graphicaliyte 5¢' percentile estimate in Figure 2-2.
The key result shown in this information is thatnelte change could result in average rainfall
conditions becoming drier or wetter or remaining same, with the magnitude of that change
being amplified for higher emissions scenarios @avet time. Seasonally, for the'5percentile
estimate, the wet season is expected to changsiimilar manner to the changes in average annual
rainfall displayed below, but the dry season isegally expected to become drier.
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s Table 2-3: Predicted Change in Rainfall (Finniss an

d Adelaide River Basins)

Percentage Change in Percentage Change in Percentage Change in
Year Percentile Rainfall (Low Rainfall (Medium Rainfall (High
Emissions) Emissions) Emissions)
10" -10% -10% -10%
2030 50" +2% +2% +2%
90" +10% +10% +10%
10" -10% -20% -20%
2050 50" +2% +2% +2%
90" +10% +20% +20%
10" -20% -20% -40%
2070 50" +2% +2% +2%
90" +20% +20% +40%
SINCLAIR KNIGHT MERZ
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s Figure 2-2: 50 ™ percentile Predicted Change in Rainfall (Reproduce d From Climate
Change in Australia)

SINCLAIR KNIGHT MERZ

I\WCMS\Projects\WC03659\Deliverables\Final report\R05_ResearchOutcomes.doc PAGE 11



2.7 Recommendation of assessment period for water a  llocation
It can be seen from the above information thatetl@high variability in climate and streamflow in

the Adelaide and Finniss River basins and thatttsehigh uncertainty about future climate
conditions under climate change. Given the unigytaf the climate change model outcomes, it
would be prudent to allocate water under the assomhat future climate conditions could
become drier and that the last four decades ofeabwgrage rainfall are not necessarily
representative of future climate conditions, beeauseturn to the drier conditions prior to 1965
could occur. The anticipated Bpercentile estimate of change in rainfall by teary2030 (and
2070) relative to 1990 under all emissions scesdsia2%, which is small relative to the increase
in rainfall that has occurred over the last foucakes. Any reduction in rainfall of this magnitude
may not be discernable from a more general retwmmands long-term average rainfall conditions as
part of natural climate variability. Utilising ttfell period of available rainfall data from 1872 t
date for the assessment period in allocation psesawould therefore provide a prudent approach
in light of anticipated climate change. If theieipiated 18 percentile estimate of change in
rainfall were to eventuate, then this would neelde@xplicitly accounted for in addition to natural
climate variability. If the anticipated 9(@ercentile estimate of change in rainfall were to
eventuate, then further water resources couldlbeaéd if required in a few decades time when
scientific knowledge of future climate change kely to have progressed.

The reasonably accurate calibration of rainfallafimodels indicates that streamflows can be
estimated beyond the period of available gaugeausifiows without significant loss of accuracy.
It was noted that in the analysis that averagastilews over the longer period are sensitive to
changes in input rainfall.
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3. Groundwater and surface water interaction

3.1 Introduction

The extent of groundwater discharge to rivers datezs whether rivers flow during the dry season
and hence will influence decisions about the atiooeof groundwater and dry season river
diversion licences. The focus of this study haanben catchments with non-carbonate aquifers,
which typically exhibit low dry season flows andase to flow during the dry season. However
there were a small number of catchments withirstbdy area which contained sustained dry
season flow due to the presence of some carboqaifees.

This section of the report briefly discusses therahtive approaches to estimating the degree of
groundwater and surface water interaction and rezemas an approach for use in catchments with
non-carbonate aquifers. Discussion is also madatdbe potential application of this technique to
catchments with carbonate aquifers.

3.2 Baseflow estimation techniques
There are many methods available to estimate lmageBaseflow is the proportion of streamflow

which is sourced from groundwater. As discusse®idiM (2007), all estimates of baseflow are
largely subjective, however the absence of raififalkignificant periods of time in tropical
northern Australia gives greater confidence inghsolute value of baseflow in the dry season.
This study has focussed on two methods, namelgiti&l recursive filter and rainfall-runoff
models. A comparison of those methods on a sadatieset is shown in Figure 3-1.

The digital recursive filter (Nathan & McMahon, I®%as previously been applied in Neal et.al.
(2000) and SKM (2007). The digital recursive filedgorithm utilises signal analysis procedures to
filter the noise in the data caused by runoff ese¢atretain an underlying baseflow signal. This
approach has the advantage of being reproducibdecomsistent basis across large areas and of
being informed by recorded streamflow data, butthaglisadvantage that the result is produced
independent of any knowledge of hydrologic procesd®aseflow using a digital recursive filter is
often considered to include some interflow throtlghunsaturated zone of the soil profile and
some release of water from bank storage. Foistbdy a filter parameter of 0.95 with 3 passes on
the data was used.

Rainfall-runoff models can model rainfall-runoffifitration and groundwater discharge processes
to obtain an estimate of total streamflow by calilorg the models to gauged streamflow data.
Rainfall-runoff models have the advantage of beiblg to be applied over periods longer than the
available gauged streamflow data, but have thald&@#age that an infinite number of parameter
combinations are possible during the calibraticotpss. These different parameter combinations
can yield different estimates of baseflow and ime@ases a better model fit to dry season flows
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can be achieved by using model interflow rathen thaseflow, as can be seen in some model
calibration results. In this study the SIMHYD railrunoff model was used after undertaking
some initial comparisons with an in-house spreaetstmedel prepared by NRETA, as discussed
previously in Section 2.4.

Groundwater models can also be used to estimagdldas however the degree of effort required
to calibrate and apply groundwater models overlangas (ie the whole of tropical northern
Australia) with minimal data is substantial andithuse is currently limited to particular areas of
interest after initial identification of groundwatend surface water interaction by other means,
such as those listed above.

10000.00

NRETA spreadsheet
e Recorded timeseries

1000.00 B Individual gaugings

SIMHYD daily

—*— Digital filter baseflow

100.00

10.00 4%

Average Flow Rate (cubic metres/second)

0.01 [ T T T T 1 +
01/01/1969 11/04/1969 20/07/1969 28/10/1969 05/02/1970 16/05/1970 24/08/1970 02/12/1970
Date

= Figure 3-1 Example daily rainfall-runoff model cali bration (Adelaide River at Railway
Bridge)

3.3 Recommended technique for estimating baseflow f  or water allocation
purposes

The use of the digital recursive filter providesohust estimate of baseflow that is readily
reproducible and comparable across tropical nantAestralia, however its application is limited

to the period of historical gauged data and whgdedgraphic cross-sections are reasonably stable,
which is known to not be the case in some othdsmdrtropical northern Australia with high
proportions of carbonate aquifers.
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The preferred approach for estimating baseflowoin-carbonate aquifers is to calibrate a rainfall-
runoff model to the available gauged streamflovagdpaying particular attention to achieving a
good model fit to dry season streamflows. ThelowtComponents of the rainfall-runoff model
can be plotted during periods of negligible rurtofensure that all outflow is baseflow during this
period. The rainfall-runoff model can then be &ipbver the longer climate period using input
rainfall data.

This technique is applicable to catchments witbcaate aquifers, however some of these
catchments have groundwater models built by NRE@@&zence the above technique will not
necessarily be the best available if a well catdtagroundwater model exists for a particular area.
Unstable rating tables for estimating streamflosnfrwater level data are a common occurrence in
catchments with a high proportion of carbonate fequiwhere a rating table is unstable, only
manual spot gaugings can be used rather thamtleestiries data derived by applying the rating
table to continuously recorded water level datadét these circumstances the digital recursive
filter cannot be applied and the rainfall-runoff debmust be calibrated to relatively infrequent
spot readings. This is discussed further in Se@io

34 Time lag between groundwater pumping and stream  flow response
This study does not consider in detail the timedatyveen groundwater extraction and a

subsequent response on the river. This study ldm&sver highlight the stark differences in
groundwater and surface water interaction fromwbeseason to the dry season. This creates the
potential for seasonal groundwater extraction iatt of phase with baseflow discharge to
streams during the dry season. That is, pumpingrghwater in the dry season at some distance
from surrounding rivers could result in a reductiemaseflow during the wet season rather than
the dry season.

Figure 3-2 provides two examples of estimated sifiav depletion as a function of time for a
number of different distances from a river. The tyvaphs provided show the same distances and
times, but different transmissivity and storagee¢sfic yield) values. This figure has been prepared
using the Jenkins (1968) equation which is applectdextraction from an unconfined aquifer
where the stream fully penetrates the aquifer.@lth the Jenkins solution is for the ideal case
and it is not directly applicable to the hydrogeplof the study area, it is considered adequate for
the purposes of this discussion. Several othertcal solutions exist for the prediction of stream
flow depletion for different hydrogeological coridits and levels of complexity (e.g. Hunt, 2003;
Zlotnik and Huang, 1999; Baaker and Anderson, 2@08; Cook and Lamontange, 2002).
Numerical modelling approaches can also be usetiay be more applicable to “real world”
cases (Evans, 2007).

As is evident from Figure 3-2, the time lag befang significant impact to stream flow starts is a
function of both the distance of the pumping boosrf the river and the aquifer hydraulic
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parameters; the closer the bore, the higher thsrmessivity and the lower the storage coefficient,
the sooner the impact to stream flow will starte dfumping rate does not influence the time at
which streamflow depletion commences. Dependetiherspecific conditions in the groundwater
basin, the time lag between groundwater extracrahsignificantly reduced stream flow can range
from hours to hundreds of years (Evans, 2007).r€i@2 also shows, importantly, that stream
flow depletion will continue after pumping ceasasd in some cases significant impact can
continue for a lengthy period of time following tbessation of pumping.

In terms of groundwater resource management, sstelmderstanding of time lags may allow a
management plan based on Zonal Management (Evahs 2005) whereby different management
arrangements are applied for bores at varyingmtistfrom the river. This would allow the timing
of groundwater extraction to be regulated suchghmatificant reductions in stream flow occur
during the wet season when there is “excess” seiffater as defined by the gauged or transposed
streamflow data.
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3.5 Evapotranspiration
All estimates of baseflow in this study are prodae the outlet of catchments. The volume of

groundwater flow at upstream locations will be legthan this volume due to a combination of
upstream river evaporation and evapotranspiratidre volume of river evaporation and
evapotranspiration is generally considered to ballsmlative to streamflow volumes. Evaporation
from river surfaces has not been explicitly accedrfor in this trial study. In the future rolloot

this study to other areas, direct evaporation frimers can be calculated by multiplying the length
of rivers, as defined in GIS layers of the streaatwork, by point potential evaporation and an
assumed average river width. Point potential exatfm is a measure of evaporation from a small
open water body. River evaporation would needetadnditioned by the seasonal behaviour of
gauged streamflow data, so that evaporation doesacar when no flow is estimated at the
streamflow gauge. This requires an estimate adecémflow behaviour when applying this to
ungauged catchments.

Evaporation and evapotranspiration from groundweaeroccur between a given individual
groundwater bore and the point of groundwater disgdnto the nearest stream. This means that
the volume of water that could be allocated fromugidwater bores could be greater than the
volume of baseflow if those bores are located atesdistance from the nearest stream where
groundwater discharges, provided that this doesaate any adverse impacts on groundwater
dependent ecosystems. This is due to a loweritigeoivater table between the bore and the river
as a result of groundwater pumping, which thereayices evapotranspiration from groundwater.

Details of groundwater evapotranspiration estimatesprovided in Appendix F for the study area
based on a review of field studies by Hutley e{2001) and Cook et al. (1998b). The approach
involved separately estimating evaporation ratesifiwoody vegetation and the understorey and
then estimating the degree of access to groundiratarthese different types of vegetation. The
relationship derived by Hutley et al. (2001) forv#yd Springs is considered to be applicable
throughout the Adelaide and Finniss River basirtgclwvwas that evapotranspiration from woody
vegetation is 26% of total evapotranspiration duitime wet season and 47% of total
evapotranspiration during the dry season.

The next part of the analysis involves estimathgdegree of access of each vegetation type to
groundwater. Hutlegt al. (2001) found that tree stand water use was conhteoughout the year
despite the monsoonal water availability, sugggdtiat the trees are able to extract water from the
water table throughout the year. Cook et al. (8988 ggests that woody vegetation did not depend
on groundwater during the dry season, but Cook ¢1298b) notes that groundwater may be
accessed by woody vegetation during times of drouBloot depths of up to 10 m have been

found, but root density decreases significantlyhwidépth. On the basis of these previous
assessments, it is assumed for this study that @86t season evapotranspiration from woody
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vegetation is sourced from groundwater and that 6086y season evapotranspiration from woody
vegetation is sourced from groundwater, with threamder coming from the unsaturated zone.

Cooket al (1998b) found that at the beginning of the digsem, soil moisture and transpiration
from the understorey resulted in an increased eatipa rate, following which the tree canopy
transpired at a relatively constant rate throughlogremainder of the dry season. It was inferred
that by the end of May, evaporation was almost detaly evapotranspiration from woody
vegetation, and suggested that the woody vegetataynbe sustained by water in the unsaturated
zone during the dry season. On this basis, itasasmed that understorey evapotranspiration
occurred from groundwater in the wet season onilh all evapotranspiration in the dry season
being sourced from the unsaturated zone. It isnasd during the wet season that the water table
is close to the natural surface (ie within a metrgo) and hence both transpiration by woody
vegetation and evaporation from very shallow grauatér will be high. However during the wet
season the distinction between the unsaturatedamhéhe fully saturated zone (ie groundwater)
becomes less clearly defined.

The proportion of woody vegetation was calculatsitigia vegetation coverage grid supplied by
the Australian Greenhouse Office. It is not posstbldetermine the nature of the woody
vegetation from this data to determine the aretdré>of groundwater dependent ecosystems.
Consistent with the definition of a savannah, tleaaf understorey used was equal to the total
catchment area. On this basis, the estimate of@agon groundwater evapotranspiration was 565
mm for the Adelaide River basin and 557 mm forRhmeniss River basin, whilst dry season
groundwater evapotranspiration was estimated ttOBemm for both river basins.

Whilst the change in groundwater level due to gawater pumping will be localised and specific
to individual bores or borefields, by way of exampf groundwater pumping were to cause a 10%
reduction in groundwater evapotranspiration actiesse river basins then the volume associated
with that change would be 502 GL in the AdelaidedRbasin and 611 GL in the Finniss River
basin. Reduction in evapotranspiration from grausigr could however impact on groundwater
dependent ecosystems due to reduced access teatkissource. This example illustrates that
reduction in groundwater evapotranspiration dugrtndwater pumping could potentially be a
very large volume, but would mostly likely only beade available to groundwater users if any
impacts on groundwater dependent ecosystems cewgpropriately managed. This would need
to be assessed for specific bore locations and mgmpates.

3.6 Recharge

Groundwater recharge is the volume of rainfall fiiers through the soil profile and contributes
to aquifer storage. Understanding recharge voluahesy given location provides additional
information that can be used to estimate groundveatgpotranspiration, which in the longer term
is the difference between groundwater rechargebasdflow, assuming no significant inter-annual
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trends in aquifer storage volume and no significmotindwater discharge to adjacent catchments
or offshore that does not appear as baseflow igalEhment of interest. Estimates of recharge
were initially calculated based on published litera (Jolly, 1999) and by conducting a seasonal
water balance on the stream-aquifer system. Tosegs led to a wide range of recharge values
due to uncertainties in input data. For this reasstimates of recharge have not been provided in
this report, with preference given to directly sstting groundwater evapotranspiration, as
described in Section 3.5.

3.7 Groundwater discharge to other areas

This study estimates baseflow at catchment outlBr@undwater may also discharge to other
areas, such as to adjacent catchments and offsAorestimate of groundwater discharge to other
areas based on a conceptual hydrogeological miideyyssed in Appendix F, indicated no
significant discharge to other areas. The usecofn@eptual hydrogeological model to estimate
groundwater discharge that is not expressed abybaseflow is a useful procedure for
considering whether the groundwater resource @ito be in excess of baseflow volumes.
Groundwater discharge to other areas would notssecity be negligible in other parts of tropical
northern Australia, hence there is value in esiimgathis volume using a conceptual
hydrogeological model in similar future work ongdlgroject in other parts of tropical northern
Australia.

3.8 Recommended technique for estimating groundwate r allocations in excess
of baseflow volumes

Estimates of baseflow derived in this study prowdadeasis for determining the allocation of
groundwater from bores within close proximity teetis. Allocating water to individual bores in
excess of this volume will depend upon the locatibimdividual bores. Given that a significant
spatial and groundwater analysis would be requoeatktermine connectivity of aquifers to
particular streams and to precisely estimate gravatel evapotranspiration as a contour surface
across the study area, it is considered that tiag/ais could be subsequently undertaken if the
demand for groundwater and baseflow by consumpibess exceeds any allocation volume set by
NRETA on the basis of allocation of baseflow alofidis is a conservative, but pragmatic
approach that is considered appropriate givenaivevblumes of groundwater use relative to the
current baseflow across most of tropical northeuast/alia.
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4.  Application to ungauged areas

4.1 Introduction

This section of the report discusses the procesa$posing the hydrologic information on
groundwater and surface water discharge to strgageuged catchments and applies it to areas
which do not contain any streamflow gauging infotiora It includes identification of useful and
ecologically relevant hydrologic indicators, a bogerview of the transposition process and a
discussion of potential application of these hydgat indicators within the water allocation
process.

4.2 Indicators relevant to resource assessment and ecology

A daily time series of hydrologic information isaihable at each streamflow gauging station used
in the study from the process outlined in Sectighdl this report. A daily time series provides th
greatest flexibility to water managers and planthesause any amount of information can be
gleaned from such a time series, including statisfiroperties (mean, median, percentiles) and
spells above and below certain ecologically rel¢#aresholds.

Methods for transposing time series data werelprievestigated and they consist of two types.
The first involves identifying regions of hydrolagsimilarity so that a time series can reliably be
transposed to another site with a high degree miidence that the transposed time series will be
representative of actual streamflow behaviour.sTéchnique requires a substantial stream
gauging network to identify subtle changes in hialyiz similarity, which streamflow gauging in
the study area and across tropical northern Austrdales not currently support. The second
technique is to transpose rainfall-runoff modelgpaeters by relating them to catchment
characteristics. The rainfall-runoff model (MOSAB) which this technique had been used in the
southern Australia (Nathan et al, 1996) was foungddorly represent the hydrologic processes in
the Berry River catchment where it was trialledhisTis because the model was too simple. A
more complex model (SIMHYD) was able to represhatitydrologic processes much better, but
has the disadvantage that the higher number ofiesis makes it difficult to transpose them on
the basis of correlations with catchment chareasties (Chiew, et al. 2005). Therefore, in both
cases, methods for transposing time series datmagrconsidered to be appropriate.

Hydrologic indicators are however more readily sfawsed to ungauged catchments, which has
been demonstrated on several occasions in souustralia including SKM(2003), Lowe et al
(2006) and Nathan et al. (2000). Two types of biatjic indicators were used in this study:

= Useful indicators of mean flow conditions for usenater resource assessment; and

= Ecologically relevant indicators of various flowrpentiles.

SINCLAIR KNIGHT MERZ

[\WCMS\Projects\WC03659\Deliverables\Final report\R05_ResearchOutcomes.doc PAGE 21



The set of indicators adopted in the study incluithede listed below, however it should be noted
that any number of hydrologic indicators could leevkd and transposed if ecologists working in
tropical northern Australia require other indicatfor any particular reason:

= Mean annual quickflow: wet season (MAQF
= Mean annual quickflow: dry season (MAQF
= Mean annual baseflow: wet season (MARF
= Mean annual baseflow: dry season (MABF

= Median daily flow: wet season (Q50

= Median daily flow: dry season (Q30

» 20" percentile flow: wet season (QQ0

= 20" percentile flow: dry season (Q20

= 80" percentile flow: wet season (Qg0and

= 80" percentile flow: dry season (Q80

Baseflow was calculated at each gauge by firstemtaking a baseflow separation using a digital
recursive filter. It was found that a filter paraerevalue of 0.95 with three passes provided the
best results. Quickflow was the difference betwetal flow and the estimated baseflow.

The calculated hydrological prediction indices atlegauge are summarised in Table 4-1 (1965—
2005 analysis period) and Table 4-2 (1968-1978yaigperiod). The percentage of time that each
gauge ceases to flow and the baseflow index aoepaésented for reference purposes.
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= Table 4-1: Gauged Hydrological Indices (1965-2005)

MAQF,, MAQF4 MABF,, MABF 4 Q50 Q504 Q20,, Q204 Q80, | Q804
Gauge (GL/yr) (GL/yr) (GL/yr) (GL/yr) CTF (%) BFI
(ML/d) (ML/d) (ML/d) (ML/d) | (ML/d) | (ML/d)

8150018 41.0 0.7 17.6 0.4 139.7 0.0 578.3 33 10.7 0.0 457 0.302
8150097 23.0 0.3 8.9 0.2 68.9 0.0 270.2 0.3 3.0 0.0 47.6 0.278
8150098 87.7 1.0 25.9 0.2 146.1 0.0 970.4 0.5 9.4 0.0 46.4 0.228
8150180 363.5 6.5 144.7 10.1 1050.7 33.7 | 4766.0 86.3 | 160.2 16.9 0.0 0.295
8170002 182.4 5.2 56.7 5.0 347.6 17.0 1929.7 47.3 71.4 5.5 2.3 0.248
8170084 346.4 8.0 112.7 5.5 648.4 19.2 | 42512 57.8 | 110.1 0.7 10.0 0.250
8170085 4.8 0.1 1.8 0.1 14.2 0.0 57.3 0.1 0.6 0.0 51.8 0.281
s Table 4-2: Gauged Hydrological Indices (1968-1978)

MAQF, MAQF4 MABF,, MABF ¢ Q50,, Q504 Q20,, Q204 Q80,, Q804
Gauge | (GL (LA (L) (LA (ML/d) Mud) | vud) | audy | audy | awd) CTEOO) | BF
8150018 45.3 0.9 19.7 0.5 128.2 0.0 734.6 3.2 2.7 0.0 45.9 0.305
8150027 42.0 1.3 21.6 7.3 160.1 32.1 701.9 63.2 20.3 17.5 0.6 0.398
8150097 28.0 0.6 10.9 0.4 71.0 0.0 318.0 3.4 7.9 0.0 355 0.282
8150098 108.4 1.9 30.6 0.5 179.7 0.0 | 1305.9 3.03 21.4 0.0 41.0 0.220
8150180 436.2 9.2 150.9 15.7 1272.3 43.6 | 5343.9 111.9 187.4 17.5 0.0 0.269
8170002 220.7 3.8 62.6 5.0 399.1 17.0 | 2354.3 43.1 54.1 4.8 3.7 0.231
8170005 485.2 5.6 172.8 5.9 980.9 20.4 | 7397.2 87.6 157.9 2.3 5.5 0.266
8170062 9.5 0.1 1.4 0.0 2.6 0.0 47.9 0.2 0.2 0.0 51.7 0.125
8170066 19.6 0.6 8.2 1.7 58.4 6.2 245.1 15.5 9.5 2.7 0.2 0.330
8170084 388.8 7.4 127.8 6.7 768.1 19.2 | 5230.9 53.0 89.9 0.2 115 0.252
8170085 5.9 0.2 2.2 0.1 17.5 0.0 67.8 0.5 0.6 0.0 49.4 0.278
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4.3 Transposition to ungauged areas

In order to develop prediction equations for thdrojogical indices, a number of catchment
characteristics were extracted from GIS informatibime catchment characteristics selected were
mainly developed from those which have proved ssgfoéin previous studies, including Sinclair
Knight Merz (2003), Lowet al. (2006) and Nathaet al. (2000). This list was then supplemented
with a number of other characteristics which wemasidered to be particularly relevant for
northern Australia. The additional catchment chianrstics calculated for this investigation are
listed below:

» Latitude of the catchment centroid;

= Distance from the catchment centroid to the coast;

= Average wet and dry season rainfalls at the catohgentroid;

= Length of carbonate aquifer intersecting riversimithe catchment; and

= Area of carbonate aquifer within the catchment.

This project used the above measured streamfloiwdadind catchment characteristics to develop
prediction equations that can be used to estirhat@ydrological indices in ungauged catchments.
These equations were developed using multiplediregression. Multiple linear regression is a
statistical technique that allows one dependen&all (in this case the hydrological prediction
indices) to be predicted from a number of indepahdariables (the catchment characteristics).
Details of the methods used to develop the prediaiuations are presented in further detail in
Appendix E. The prediction equations developedagrshown in Table 4-3 for the Adelaide and
Finniss River basins.
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= Table 4-3: Recommended Regression Equations for the

Adelaide and Finniss River

basins

Index Multiple Linear Regression Equation z SEE (%)
MAQFw | 39.200+ (0.353% Area) — (1.140x DistToCoas) 0.997 7
MABFw | 23221+ (0.142% Area) — (0.779x DistToCoas) 0.987 15
Q50w | 216529+ (1.009x Ared) — (7.322x DistToCoas) 0.952 25
Q20w | 661118+ (4.782% Area) — (22.528x DistToCoas) 0.997 6
Q80w | 14.720+ (0.153x Area) — (0.716x DistToCoas) 0.949 29
MAQF« | —6.184+ (0.006% Area) + (0.025% DrySeasonkin) 0.997 7
MABFq | — 2788+ (0.007x Area) + (9.501x PercentWoaly) 0.993 55
Q50d | O NA NA
Q20d — 23557+ (0.069x Area) + (74.902x PercentWody) 0.935 34
Q80d | O NA NA

*value may be greater than zero for catchmentsatoing some carbonate aquifer
This analysis provided a number of important outesymvhich are summarised below:

1. Catchment areawasthemain catchment characteristic which proved useful for

predicting those streamflow indices which are expressed as a flow magnitude. The results

from the regression relationships developed far $shudy showed that the remaining variability
in the streamflow indices after catchment areabieah accounted for was generally very low.
This indicates that catchment area alone wouldfeasonable first order predictor for most of
the hydrological indices in hydrogeologically siariicatchments across northern Australia.

Distance from the catchment centroid to the coast was useful for predicting high flow and
wet season indices. The distance of the catchment to the coast haological significance in
northern Australia because of the impact of cydaainfall, which tends to occur in relatively
intense periods for significant durations. Gengrgfieaking, both the intensity and duration of
these rainfall events decay as the low pressutersysoves inland. Thus the further a given
catchment is from the coast, the lower its meamahitow and wet season flows are likely to
be.

Prediction of dry season/low flow indicesin northern riversgenerally requiresalarger
sample set of candidate catchmentsthan was available for this pilot study. Many of the

dry season flow indices in these largely non-caalt®catchments were zero (ie streams
ceased to flow), which has the effect of reducinglaeady small sample size. Similarly,
when considering cease to flow, a number of streaens perennial, which also reduces the
available sample size with variability in ceaséldav. Broad correlations were evident
between the area of carbonate aquifer and dry sdlses, which indicates some potential to
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better estimate dry season flows with a wider raosfgeatchments with varying degrees of
carbonate and non-carbonate aquifers.

4. Temporal variability of candidate catchment streamflow data is moreimportant than
gpatial variability. Generally speaking, better streamflow predicégnations were developed
for the longer analysis period (1965-2005) thanstmarter analysis period (1968-1978), despite
there being an additional three candidate catchsmiarihe shorter period. This reflects the fact
that 10 years of data is probably insufficient apttire a representative portion of streamflow
variability at any given gauge. For this reasohthe streamflow prediction equations were
developed for the longer analysis period. Thisignaportant consideration when moving to
apply this technique from the pilot catchmentsargér areas.

4.4 Potential applications in the water allocation process
Water allocation lies within the domain of NRETAdkihis beyond the scope of this project to

make recommendations about how and at what lelaagions should be set. The purpose of this
project is to provide a technique which will resualthe provision of background information that
is both useful and relevant to the water allocatimtess.

Sustainable yield for diversion from rivers in tlerthern Territory is currently estimated based on
the 80/20 rule, which states that the environmemigdér requirements of a river basin are
approximately 80% of natural streamflow (ANRAT, Ba). Application of this rule means that
consumptive water use is nominally limited to 20Bthe available water resource. By providing
the means to calculate a range of daily flow inglisech as the Jtand 88 percentile flows, the
current project contributes directly to the settirigllocations in currently ungauged areas. By
linking this work with the broad scale environméntater requirement studies currently being
undertaken by the Tropical Rivers And Coastal Krealge (TRACK) consortium, the techniques
used in this project could be used to determineramyber of hydrological indices of
environmental significance in each basin that walllolw a vastly improved process for review of
water licence applications.

By way of example, in the Blackmore River catchm@it0098) it was calculated that the average
annual streamflow from 1965-2005 is 115 GL and baaeflow is estimated to represent 26 GL of
this volume. This means that at the outset, ifentban 26 GL of groundwater licences or dry
season surface water licences are allocated, lieesnvgilable resource would be exhausted,
notwithstanding changes in groundwater evapotrasismpn between any given bore and point of
baseflow discharge. If 80% of flow were to be resd for the environment, then on average, the
maximum flow that could be allocated would be 23iGkotal, of which not more than 5 GL could
be sourced from baseflow. Dry season baseflowogedo zero and median dry season flow is
zero, indicating that dry season streamflows wauttbably not be a viable resource in this
particular catchment for most consumptive usesem8etting specific diversion rules, it could be
formulated, for example, that no diversions woutdwr when say the 8percentile low flow is
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reached, which would be 9.4 ML/d in the wet seammh0 ML/d in the dry season. This would
enable the retention of a minimum sustenance fiothé river. Cease to pump rules for
groundwater could be developed along similar laigsr considering the lag between groundwater
pumping and streamflow response.

This approach would be applicable both at an inldial catchment scale and at a basin scale.

4.5 Environmental Water Requirements
Determination of environmental water requiremesta significant task and is outside the scope of

this project. As a result, the available water veses estimated in this report refer simply to the
total available volume of water which could be lested from surface water and groundwater
resources in the trial catchments.

Understanding the water requirements of groundwadpendent ecosystems (GDES) is in its
infancy in Australia. Over the past decade theseldeen increased recognition of the role of
groundwater in ecosystem function and increasemteff include this in water allocation planning
and ensuring that water extraction is ecologicslligtainable has become one the key objects of
current water resource planning. Difficulties interaallocation to GDEs arises due to the
complexities in defining GDE water requirementgstipalarly as it varies both spatially and
temporally.

Ecosystems may source water from rainfall, surfeater, soil water and groundwater. Assessing
the environmental requirements of the ecosysterdsgerecognise the relative contributions of
each of these sources (SKM, 2001a).

As a broad example of how qualitative environmewiatler requirements could be determined, it is
again necessary to consider both wet and dry seaBaming the dry season surface water flows
are minimal, and it could be expected that thetexjecosystems may depend entirely on the
historically available dry season flow regime. Hetite major limitation on groundwater

extraction during the dry season relates to theigusly discussed issue of time lag to streamflow
impacts. Groundwater extractions could be limitedd¢cur some distance from a stream such that
the time lag of streamflow depletion from groundsvagxtraction corresponds to the wet season
when recharge occurs and the watertable depthts sttallowest. Such an approach would
maximise sustainable volumes of groundwater thaldcbe utilised and would cause minimal
impacts to existing ecosystems.

During the wet season, it is likely that investigatof the existing hydrological regime will
provide examples of the necessary environmentanwatjuirements that may be necessary to
meet ecological objectives. For example, th® @ércentile flow (Q80) has been used in other
studies to provide an example of the minimum emvitental water requirement during periods of
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surface water extraction. There may be other eamdtlg relevant indicators such as provision of a
Q20 flow, for example, once per wet season. Whtilstsetting of such guidelines must be
undertaken in conjunction with specialist stakeboddn the field, this project has successfully
demonstrated that ecologically relevant indicestmmreadily transposed from gauged catchments
to ungauged catchments.
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5.  Water availability for the Adelaide and Finniss
River basins

51 Introduction
The methods outlined in previous sections of thgort were applied to the ungauged areas of the
Adelaide and Finniss River basins to provide aimedt of water availability in these two basins.

5.2 Application of the method in the Adelaide and F  inniss River basins

In the previous section, a number of predictionatigms were developed for various hydrologic
indices based on information from catchment charestics and hydrogeological data. This was
regarded as a successful application of the prajethodology to the study area, as it could be
demonstrated that prediction equations with a messle goodness of fit could be developed for
northern Australia.

To complete the process, the equations were usedrnspose the hydrological indices to the outlet
of the Adelaide River basin and the outlet of emeljor river or coastal tributary catchment of the
Finniss River basin. A total of 14 ungauged catamsat major tributary points in both basins
were identified, and the required catchment chargstics extracted using GIS. These catchments
are shown on the map in Figure 5-1.

The main difficulty in application of the methodgipto the ungauged catchments is that some of
the independent variables, particularly catchmess,aare outside the range of the values used to
develop the regression equations. Ideally, thesatans would not be extrapolated as it is difficul
to determine the accuracy of any predictions madsiade the range of the values used to develop
the equations. This is not so much an issue witthogent area, for which there is a great deal of
evidence to show that increasing area proportipmadireases flow. The relatively low elevations
and low topographic gradients across the studyraesm that the relationship between flow and
catchment area is not highly non-linear and carebsonably extrapolated. Some of the other
variables such as distance to coast and the pageof woody vegetation are more problematic.
In particular, distance to coast for some of thgawged coastal catchments in the Finniss River is
lower than the values used to develop the regnessis such, it is difficult to state with any
certainty that these values remain reliable predidbelow this range. For the percentage of woody
vegetation, there is no clear causative relatignbbiween this characteristics and the dry season
baseflow, so it is a leap of faith to assume tladties outside the range of the input values will
generate reliable estimates of dry season baseftmts showing the distribution of each
catchment characteristic for the gauged and unghcggehments are shown in Figure 5-2, Figure
5-3, Figure 5-4 and Figure 5-5.
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In general this difficulty can be overcome prindipdy expanding the sample size of gauged
catchments used to develop the predication equatasnwould take place in any future stages of
this project. This will provide a greater rangecatchment characteristic values and allow in
greater certainty when applying the equations gauged catchments.

For the trial study, there were two possibilities dpproaching this issue. The first is that ungalug
catchments are selected as required and catchimamatoteristics such as area are allowed to range
well outside the values used to develop the egusitibhe second possibility is that catchment area
Is kept within the range of the input variablessbyply breaking larger ungauged catchments
down into smaller tributary streams and summingabger resource in each tributary stream from
upstream to downstream.

The first approach was used to delineate ungaugietiments and estimate the surface water
resource for both basins. The ungauged catchmadtthair catchment characteristics are listed in
Table 5-1. The results of the regression equatises to predict the hydrological indices for each
ungauged catchment are shown in Table 5-2. Thisidado adopt the first approach was a
pragmatic one to simply demonstrate proof of conaegd was cross-checked using the second
approach and found to produce similar resultsany future extension of this project it is
envisaged that the second approach would be adtpsdidw information in ungauged areas to be
estimated with greater confidence at a finer catttracale.
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= Figure 5-1: Ungauged Catchments Used for Adelaide a  nd Finniss River Surface Water Resource Assessment
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= Table 5-1: Ungauged Catchment Characteristics

Unaauged Catchment Catchment Distance to Dry Season Percentage of Woody
gaug Area (km 2) Coast (km) Rainfall (mm) Vegetation (%)
Margaret River at 2,590 87.3 240 2

Upstream Marrakai
Crossing
Adelaide River at Arnhem 5,489 68.0 241 9
Highway
Adelaide River at Outlet 7,448 53.5 241 18
Little Finniss River 799 14.7 240 51
River Annie 656 3.7 236 65
Corrawara Creek 1,083 3.0 241 73
Middle Point 115 2.2 245 42
King Creek 325 7.1 271 33
Leaders Creek 514 10.6 256 82
Howard River 319 14.1 254 64
Elizabeth River 269 11.8 248 10
Darwin River 756 15.6 247 2
Finniss River 2,559 23.0 249 10
Reynolds River 1,784 40.1 234 17
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53 Surface water availability results

Estimates of various hydrologic indices are presifior the period of available gauged record
(1965-2005) in Table 5-2 and the extended pericalaflable climate data (1872-2005) in Table
5-3. These were estimated for the ungauged cataisrseown in Figure 5-1. In translating data
between the shorter and longer period, factors appdied utilising the ratio of the various
hydrologic indices over the shorter term relativéhte longer term. For all flow percentiles, the
ratio of SIMHYD daily flows from 1965-2005 relatite 1872-2005 values were used. For
seasonal baseflow and quickflow, representatiwe flercentiles were used to translate the data.
The ratio of short to long-term $®ercentile flows was used to translate quickflatieates,
whilst the ratio of short to long-term B@ercentile flows was used to translate basefldimeses.
Where 88 percentile flows were zero in the dry season #ithver the non-zero median or'"20
percentile dry season flow ratios were used. Faatere also grouped regionally, with separate
factors being applied in the upper Adelaide (upstre@f Arnhem Highway), lower Adelaide and
across the Finniss River basin according to spdifiidrences in rainfall and runoff over the shorte
and longer assessment periods used in this project.
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»  Table 5-2: Ungauged Catchment Hydrological Indices 1965-2005

Catchment MAQF,, MAQFq MABF,, MABF 4 Q50 Q504 Q20 Q204 Q80. Q804

(GL/yr) (GL/yr) (GLtyr) (GLyn) (ML/d) (ML/d) (ML/d) (ML/d) (ML/d) (ML/d)

Margaret R at US
Marrakai Crossing 800 18 280 18 2,200 o* 11,000 160 350 o*
Adelaide R at Arnhem
Hwy 1,700 38 600 38 5,300 0 25,000 360 810 0
Adelaide River Basin
at Outlet 2,300 52 810 52 7,300 o* 35,000 500 1,100 0*
Little Finniss River 250 5.6 90 5.3 910 0 4,100 70 130 0
River Annie 210 4.6 74 4.3 850 0 3,700 71 110 0
Corrawara Creek 340 7.6 120 7.3 1,300 0 5,800 110 180 0
Middle Point 44 0.8 15 0.5 320 0 1,200 16 31 0
King Creek 110 23 38 2.0 490 0 2,100 24 59 0
Leaders Creek 170 3.6 58 3.3 660 o* 2,900 73 86 o*
Howard River 110 2.2 37 2.0 440 o* 1,900 46 53 o*
Elizabeth River 91 1.9 32 1.6 400 0 1,700 2.0 47 0
Darwin River 240 5.3 85 5.0 870 o* 3,900 30 120 0*
Finniss River 790 17.9 280 18 2,600 o* 12,000 160 390 0*
Reynolds River 550 12.5 200 12 1,700 0 8,300 110 260 0
Total Finniss River
Basin 2,900 64 1,000 61 11,000 0 48,000 710 1500 0
*catchment contains some carbonate aquifer — vamyebe greater than zero
#catchment contains some carbonate aquifer butnstieas are gauged and were found to be zero
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»  Table 5-3: Ungauged Catchment Hydrological Indices 1872-2005

Catchment MAQPw MAQF MABF MABFq Q50y Q504 Q20, Q204 Q80y Q804

(GLtyr) (GLtyr) (GL/yr) (GL/yn) (ML/d) (ML/d) (ML/d) (ML/d) (ML/d) (ML/d)

Margaret R at US
Marrakai Crossing 520 12 200 12 1,300 0 7,300 77 240 0
Adelaide R at Arnhem
Hwy 1,100 25 430 26 3,200 0 17,000 180 550 0
Adelaide River at
Outlet 1,600 34 630 35 4,400 o* 23,000 250 760 0*
Little Finniss River 210 2.9 74 4.1 550 0 2,700 34 86 0
River Annie 170 2.4 61 3.4 510 0 2,500 35 76 0
Corrawara Creek 280 3.9 100 5.7 800 0 3,800 52 120 0
Middle Point 36 0.4 12 0.4 190 0 770 8.0 21 0
King Creek 88 1.2 31 1.6 300 0 1,400 12 40 0
Leaders Creek 140 1.9 48 2.6 400 0* 1,900 36 59 0*
Howard River 87 1.2 31 1.5 260 0* 1,200 23 36 0*
Elizabeth River 74 1.0 26 1.3 240 0 1,100 1.0 32 0
Darwin River 200 2.7 70 3.9 520 o* 2,600 15 81 0*
Finniss River 650 9.3 230 14 1,600 o* 8,200 79 270 0*
Reynolds River 450 6.5 160 9.5 1,000 0 5,500 56 180 0
Total Finniss River
Basin 2,400 33 840 48 6,400 o* 32,000 350 1,000 0*
*catchment contains some carbonate aquifer — vamyebe greater than zero
#catchment contains some carbonate aquifer butnstieas are gauged and were found to be zero
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It can be seen from these tables, for exampletieatiry season baseflow is estimated to be 35 GL
and 48 GL respectively in the Adelaide and Finflsgr basins over the longer climate period.

54 Groundwater availability results

It is proposed that the volume of the availableumhgroundwater resource from the Adelaide and
Finniss River basins is equal to the volume of thaseplus a spatially variable groundwater
evapotranspiration loss. The long-term (1872-2@%&rage annual volume of baseflow is

670 GL/yr in the Adelaide River basin and 890 Glifythe Finniss River basin, with most of this
being discharged to rivers during the wet season.

Evapotranspiration from groundwater was estimatdeeton average around 565 mm and 557 mm
in the wet season in the Adelaide and Finniss Ryasins respectively and 109 mm in the dry
season in both river basins. Whilst the changganndwater level due to groundwater pumping
will be localised and specific to individual borasborefields, by way of example, if groundwater
pumping were to cause a 10% reduction in groundveaigpotranspiration across these river
basins then the volume associated with that chasogid be 500 GL in the Adelaide River basin
and 610 GL in the Finniss River basin. Reductioavapotranspiration from groundwater could
however impact on groundwater dependent ecosystem$o reduced access to this water source.
This example illustrates that reduction in grounchwavapotranspiration due to groundwater
pumping could potentially be a very large volumet, Wwould mostly likely only be made available
to groundwater users if any impacts on groundw@pendent ecosystems could be appropriately
managed. This would need to be assessed for igpeait locations and pumping rates.

There is the potential for seasonal groundwateaetion that is out of phase with baseflow
discharge to streams during the dry season. $hptimping groundwater in the dry season at
some distance from surrounding rivers could reaudt reduction in baseflow during the wet
season rather than the dry season. In catchmethiswavcarbonate aquifers, streams cease to flow
during the dry season and hence groundwater stotage to the river could be utilised after
baseflow has ceased without affecting baseflow thifollowing wet season, when streamflows
are high again.

Groundwater discharge that is not recorded attteamflow gauge at each catchment outlet, such
as discharge to offshore or adjacent catchments gai@mated using Darcy’s Law and found to be
negligible relative to baseflow volumes for the Adde and Finniss River basins.

These estimates of water availability do not exyjicake into account historical use. Estimated
average annual groundwater extraction across tiedafsik and Finniss River basins is in the order
of 41 GL/yr (ANRA, 2006) as presented in AppendixFurther analysis and information would
be required to adjust the existing estimates oéftas availability for historical groundwater
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pumping, which could be expected to vary from theent 41 GL/yr over the 1965-2000 period
over which baseflow estimates were initially dedver this study.

55 Comparison with AWR and NLWRA

To date, there have been no detailed, long termarwasource assessments undertaken on the
Adelaide or Finniss River basins. The most detaibmgnt investigation was performed as part of
the Australian Water Resources 2005 baseline amsesproject, which considered part of the
Finniss River basin as the ‘Darwin Water Supplyarand undertook a one year (July 2004 to
June 2005) water balance on this area. The walendmincluded components such as the change
in storage over that period for the Darwin Rivenaainfall, estimated evaporation and estimated
water use. The results of this water balance ineitthat the available surface water resource for
the Darwin WSA was 262 GL for the 2004/05 year. &laailable groundwater resource was
estimated to be 27 GL, giving a total resource8d &L (AWR, 2007).

The key difference between this assessment anochtheindertaken as part of the current project is
that the current project is taking a long-term agerapproach to water resources assessment.
AWR 2005 considered only the 2004/05 year, andrifi@ws and changes in surface water and
groundwater storage across that year. In comparisercurrent project has used over 100 years of
recorded and modelled rainfall and streamflow datestimate available water resources given the
historic climatic conditions. Thus, when comparedhe figures calculated in this project (Finniss
River basin wet season water resource of 3200 GLsehson water resource of 81 GL) the AWR
2005 water resource estimates appear an ordergfitnde lower. However, the 2004/05 year had
significantly less rainfall (1234 mm) than the letegm climatic average (1584 mm). Additionally,
the AWR 2005 water balance only accounts for piatti® Finniss River basin, whereas the
techniques presented in this report consider thaembasin.

A more valid comparison can be made with the Nafidvand and Water Resources Audit
(NLWRA) in 2000. This study estimated sustainabéex resources for the Finniss River basin by
transposing gauged mean annual flow data to the ba#let as a function of catchment area
(ANRAT, 2006a). This method is similar to the apmb used in the current project, although the
2000 study only considered mean annual flow whetldastudy has developed regression
relationships for a variety of seasonal indicebe NLWRA estimated that the total available
surface water yield for the Finniss River basin 480 GL, which is approximately 200 GL less
than that estimated by the current project.

The NLWRA also attempted to define the sustaingigkl of each basin. This was done in the
Northern Territory by use of the 80/20 rule, whsthtes that the environmental water requirements
of a river basin are approximately 80% of natutadanflow (ANRAT, 2006a). Application of this
rule means that consumptive water use is nomitiaiiyed to 20% of the available water resource.
By providing the means to calculate a range ofyd&lw indices such as the ®@nd 8¢
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percentile flows, the current project is contribgtto a more detailed and rigorous understanding
of the temporal variability of flow within a basiBy linking this work with the broad scale
environmental water requirement studies currergindp undertaken by the Tropical Rivers And
Coastal Knowledge (TRACK) consortium, the regress&ationships developed in this project
could be used to determine hydrological indicesrofironmental significance in each basin that
would allow a vastly improved process for reviewnaiter licence applications.

No comparison can readily be made between theisabta groundwater yield estimates

calculated as part of the NLWRA and the estimatdsutated in this project. The NLWRA
groundwater figures apply to groundwater managemeits which are significantly larger than the
surface water basins considered as part of thity sAdditionally, sustainable groundwater yields
were calculated as 50% of available recharge, wihitrn was calculated based on a recharge rate
of between 0.2 and 5.0 ML/ha/year (ANRAT, 20068js tonsidered that the approach adopted in
this project has produced much more accurate estined the groundwater resource within the
Adelaide and Finniss Rivers for the purposes ofwsmtive management, but further work would

be required to spatially represent the effect ofigdwater evapotranspiration on the magnitude of
the groundwater resource at any given location.
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6. Carbonate and non-carbonate aquifers

6.1 Introduction
The hydrologic properties of rivers in catchmenithwarbonate and non-carbonate aquifers can be

vastly different during low flow periods, becauddhe sustained baseflows from carbonate
aquifers which can occur during the dry seasorrb@weate aquifers also introduce particular
difficulties in establishing stable hydrographitimg tables for the conversion of recorded water
levels to time series streamflow data.

The study area for this project was specificallgsted so as to exclude carbonate aquifers.
However, there were still some areas with a snrajpgrtion of carbonate aquifer. This section of
the report discusses how these small areas of matdaquifer have been integrated into the
project to date, and some of the advantages, diséalyes and modifications to methodology that
would be applicable if applying the methods frons fbroject to carbonate aquifers in the future.

6.2 Summary of the geology of gauged catchments in the Adelaide and Finniss
River basins

The 1:250,000 geological map was interrogated u$iad@s|S to determine the surface geology of
each of the gauged catchments. In order to simghifydata, the geology was divided into groups
based on the age of the units. This informatidalsilated in Table 6-1 and shown spatially across
the study area in Appendix F.

m  Table 6-1: Surface Geology of Each Gauged Catchment

Gauge/ Catchment No Total Catchmzent ProporFion of Catchmént with each Age Geologi-cal Un it by area
Area (km°) Precambrian | Paleozoic Mesozoic Tertiary Duaternary
G8150018 94 0.1419 0.0000 0.0000 0.5489 0.3092
G8150027 141 0.1034 0.0000 0.0020 0.6435 0.2512
G8150097 74 0.4804 0.0000 0.0014 0.4264 0.0875
G8150098 182 0.2991 0.0000 0.0000 0.4495 0.2514
G8150180 1,048 0.5379 0.0000 0.0006 0.0948 0.3668
G8170002 655 0.6235 0.0019 0.0523 0.0000 0.3224
G8170005 1,636 0.2155 0.0000 0.0000 0.0191 0.7654
G8170062 42 0.6477 0.0000 0.2420 0.0000 0.1103
G8170066 84 0.3460 0.0000 0.0000 0.1724 0.4817
G8170084 1,173 0.3400 0.0000 0.0315 0.0000 0.6285
G8170085 11 0.2267 0.0000 0.0000 0.6288 0.1445

NRETA (pers. comm. L. Rajaratnam and P. Jolly)ihdgated that perennial flows in G8150027
(Berry River) and G8170066 (Coomalie Creek) ar¢asned discharge from carbonate geology. In
order to quantify this, the proportion of carbonadgiifer in each catchment was investigated in
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more detail. This proved to be somewhat difficiMeg the scale of the available geological
information. Carbonate units are not necessariplieily mapped at 1:250,000 scale, and
carbonate geology may be obscured by the presénlmaverlying alluvial sediments which
may reduce the relative amount of carbonate geaagwycted without significant reinterpretation
or mapping of the geology. This information wasrasted from the geological information in two
different formats, area and river length. Areaiigpdy the total area of carbonate surface
lithologies within each catchment, whereas rivegté is the total length of stream in each
catchment that intersects with carbonate geologyb@hate geology was defined as any
lithological unit that contained carbonate rockagpn the lithological description (e.g. dolomitic
marble; dolomitic mica schist; mica-quartz schssindy, interaclastic, dolomitic limestone;
calcareous quartzite; basal conglomerate) andowillirtue of this definition result in an
overestimate of the actual amount of carbonatkearcatchment. This is shown in Table 6-2.

m  Table 6-2: Carbonate Geology in the Gauged Catchmen ts

Carbonate River Lenath Carbonate River Cease to flow
Area of Area as a Intersectig Length as a 1968-1978 (% of
Catchment Carbonate Percentage of . 9 Percentage of time)
2 With Carbonate ;
(km*©) Catchment (km) Total River
Area Length

G8150018 0.0 0.0% 0.3 0.5% 45.9%
G8150027 5.4 3.8% 2.3 2.1% 0.6%
G8150097 4.2 5.7% 0.0 0.0% 35.5%
G8150098 0.6 0.3% 0.0 0.0% 41.0%
G8150180 19.7 2.0% 3.0 0.4% 0.0%
G8170002 279.0 42.6% 15 0.3% 3.7%
G8170005 71.4 18.9% 16.7 7.1% 5.5%
G8170062 23.3 55.9% 0.0 0.0% 51.7%
G8170066 23.7 28.2% 4.1 7.6% 0.2%
G8170084 105.0 22.0% 4.7 1.5% 11.5%
G8170085 0.8 6.8% 1.3 20.1% 49.4%

It can be seen that there is a great deal of vétyailn these figures, and the proportion of
carbonate aquifer by area is often quite diffeterthe proportion by river length. This reflectg th
uncertainty associated with both the geological strem information used to derive these
numbers. The two catchments identified by NRET Aldig a high proportion of carbonate aquifer
by river length, however there are other catchmeittsa higher proportion that do not exhibit the
sustained dry season flows observed at 81500285M066. The likely explanations of this are
that the amount of carbonate geology in the catchimas been overestimated, or that karstic
geomorphology has not necessarily developed isdh@onate rock types that may result in
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preferential pathways of groundwater flow and psiotirce discharge from the aquifer to the
streams.

6.3 Transposing hydrologic information to ungauged catchments with
carbonate aquifers

In the predominantly non-carbonate aquifers of shigly, dry season low flows were found to be
zero or close to zero. The presence of carbompiiéeas increases the potential for baseflow to
occur during the dry season. It is therefore ablesto check the extent of carbonate aquifers in
any catchment to which data is being transposed.

With a larger sample size of a mix of catchmentk warbonate and non-carbonate aquifers, it is
speculated that either the length or area of cateosquifer (or a combination of both) could be
used as a predictive variable in the developmemgriession equations to estimate baseflow,
particularly in the dry season. The distance efdarbonate aquifer to the catchment outlet would
presumably also be a factor where losses fromitke to groundwater are high in reaches
downstream of the point of discharge from the caab® aquifer.

6.4 Rating table stability in the Adelaide and Finn  iss River basins
Rating tables convert recorded water level datastream to a flow rate based on relationships

established through hydrographic measurement aidpeintervals, typically from months to
years. If a cross-section regularly changes themdting table will only be valid for a short pti
of time after a hydrographic measurement is takéwereas if a cross-section is stable then
additional hydrographic gaugings will simply confithe relationship between water level and
streamflow volume that was previously established.

A review of rating table stability was undertakernhee commencement of this trial project to
ensure that time series data was suitable to uggsistudy and is presented in Appendix A. The
outcomes of this review were that all of the ratialgles were considered to be stable and that the
time series data was suitable for use. Thisustilhted through the examination of the ratingetabl
for Berry River, which contains some carbonate fagsij shown in Figure 6-1. It can be seen from
this graph that the individual gaugings over a déryperiod plot consistently along the same rating
curve with only minor scatter that could readilydi&ibutable to instrument error at the time of

gauging.
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6.5 Rating table stability in catchments with carbo nate aquifers

The stability of rating tables at streamflow gaumesopical northern Australia should always be
examined before utilising the data, as was dortlkignstudy. Some streamflow gauges in other
parts of tropical northern Australia are known &vé relatively unstable cross-sections (eg in the
Daly River basin in DIPE, 2004b). These typicalbcur in catchments with a high proportion of
carbonate aquifers, which result in limestone digpdarming across the control section at the site,
thereby changing the shape of the cross-sectiohigh-flow events, some of these deposits can be
washed away again, causing the cross-section tigehance more. Where rating tables are
unstable, rainfall-runoff models can be calibratethdividual gaugings, with baseflow estimated
from rainfall-runoff model components rather thartte use of a digital recursive filter. As stated
previously, baseflow from rainfall-runoff modelsche checked against dry season flows, which
will consist solely of baseflow during the middletbe dry season.
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7. Conclusions and Recommendations

7.1 Conclusions
A method was established for reliably estimatingrbjogic information in the largely ungauged

trial basins of the Adelaide and Finniss Riversie Tievelopment of this method and its application
in the two trial basins produced the following artes:

Period of assessment for water allocatiefhere is high variability in climate and stre&mf in

the Adelaide and Finniss River basins. Averagafadiover the period of gauged streamflow data
(1965-2005) was approximately 5-16% higher tharidhg-term average (1872-2005) and
streamflow was estimated to be in the order of %2lgher than the long-term average in the
Finniss River basin and lower reaches of the Adel&iver basin, and 46-64% higher in the upper
reaches of the Adelaide River basin. Climate chamgjections from CSIRO indicate that
conditions over the coming decades could eitheoinecwetter or drier relative to 1990 conditions,
depending on the climate model used and the asslaweldf greenhouse gas emissions. Given
this uncertainty, it is considered prudent in tingt instance to represent current streamflow
conditions as based over the longer climate p€8@2-2005) to allow for the possibility of a
return to drier conditions as part of natural irdecadal variability. Allowance for a range of
climate change conditions as part of the allocghimtess should be undertaken with reference to
this long-term baseline. The method of derivingger-term hydrologic information for this trial
project involved scaling of results based on rdimtanoff models calibrated to the shorter period
and applied over the longer period.

Methods of determining groundwater and surface materaction in gauged catchmentsA

digital recursive filter has been used in the Agidaand Finniss River basins to estimate baseflow.
This technique is expected to be applicable torathtchments across tropical northern Australia
which display relatively stable rating tables. IlPmaary investigation of the use of rainfall-rufiof
models to estimate baseflow yielded mixed suceeisis no single model being able to replicate
both baseflow and surface runoff in an objectivennaa. It is expected that more detailed
investigations would allow the development of aaaptual model specifically tailored to
groundwater processes, and that this would praviaere reliable means of estimating both
quickflow and baseflow conjunctively in other pasfghe tropical northern Australia where a mix
of carbonate and non-carbonate aquifers exist.

This study does not consider in detail the timedatyveen groundwater extraction and a
subsequent response on the river. This studylimesver highlight the stark differences in
groundwater and surface water interaction fromibeseason to the dry season. This creates the
potential for seasonal groundwater extraction igaut of phase with baseflow discharge to
streams during the dry season. That is, pumpiogrgiwater in the dry season at some distance
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from surrounding rivers could result in a reductiomaseflow during the wet season rather than
the dry season.

Evapotranspiration from groundwater was estimagiaguthe results of field measurements from
previously published studies to assist in quantjthe volume of groundwater that could be
allocated in excess of baseflow at a given grounefy@umping location. The further that a
groundwater bore is from a stream, the greateopip®rtunity for evaporative loss from
groundwater between the bore and the stream. liogvef groundwater tables due to groundwater
pumping would result in lower losses due to evajpamaand evapotranspiration between the bore
and the stream, which would potentially mean thaigher volume could be allocated from
groundwater at the bore than at the river, assumingnacceptable impacts on groundwater
dependent ecosystems.

Groundwater discharge that is not recorded attteamflow gauge at each catchment outlet, such
as discharge to offshore or adjacent catchments gai@mated using Darcy’s Law and found to be
negligible relative to baseflow volumes for the Adde and Finniss River basins.

Applying the technique to ungauged areas range of indicators relevant to both resource
assessment and ecology estimated in catchmentgatited streamflow data was successfully
transposed to ungauged areas using readily avaidaithment and climate characteristics.
Catchment area was the main catchment charaatesisich proved useful for predicting those
streamflow indices which are expressed as a flognitade. Distance from the coast, which was a
new variable introduced for this study, was usefyiredicting high flow and wet season indices.
Low flow dry season indices were generally fountdéarero because of the general absence of
carbonate aquifers in these two river basins. geddent variables used in the prediction equations
were sometimes outside of the range of values inséelveloping the equations, particularly in the
smaller coastal streams where there is limited-teng gauged flow data. The prediction
equations used to estimate all flow indices wegead fit to the available data, but results will be
further improved with larger sample sizes in subise] applications of the method to broader areas
across northern Australia. For this reason, thiemates of water availability in the Adelaide and
Finniss River basins should be considered as rahforeliable, but also preliminary in nature.
Temporal variability of streamflow in the candidasgchments was found to be more important
than spatial variability, which is an importantding when weighing up the relative differences in
spatial and temporal availability of streamflowalat future applications of this method to the
remainder of tropical northern Australia.

Water availability for the Adelaide and Finniss &iasins— The potential benefits of the
techniques adopted in this study are demonstratdkiestimate of water availability in rivers in
the Adelaide and Finniss River basins. Theseteshbw the relative magnitude of dry season
and wet season flows, as well as the relative miagmiof baseflow and quickflow. The sensitivity
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of results to the assessment period used in tHgsaas also shown. The long-term (1872-2005)
total resource available from rivers in the AdetaRiver basin is estimated to be 2307 GL/yr with
a dry season baseflow of 35 GL/yr. Similarly, kveg-term resource available from rivers in the
Finniss River basin is 3293 GL/yr with a dry seabaseflow of 48 GL/yr.

It is proposed that the volume of the availableumhigroundwater resource from the Adelaide and
Finniss River basins is equal to the volume of thaseplus a spatially variable groundwater
evapotranspiration loss. The long-term (1872-2@¥&rage annual volume of baseflow is

665 GL/yr in the Adelaide River basin and 891 Glifythe Finniss River basin, with most of this
being discharged to rivers during the wet seaSdrere is the potential to possibly draw upon
groundwater in the dry season without adverselycéitig baseflow until the following wet season,
when baseflow is more plentiful. Evapotranspirafi@m groundwater was estimated to be on
average around 565 mm and 557 mm in the wet séasba Adelaide and Finniss River basins
respectively and 109 mm in the dry season in bg#r basins. Whilst the change in groundwater
level due to groundwater pumping will be localised specific to individual bores or borefields,
by way of example, if groundwater pumping weredase a 10% reduction in groundwater
evapotranspiration across these river basins tierdlume associated with that change would be
502 GL in the Adelaide River basin and 611 GL ia Binniss River basin. Reduction in
evapotranspiration from groundwater could howengyact on groundwater dependent ecosystems
due to reduced access to this water source. Xhim@e illustrates that reduction in groundwater
evapotranspiration due to groundwater pumping cpaténtially be a very large volume, but
would mostly likely only be made available to grdurater users if any impacts on groundwater
dependent ecosystems could be appropriately managded would need to be assessed for
specific bore locations and pumping rates.

Importantly, these estimates of water availabailiyninate double counting of the resource in
rivers due to groundwater and surface water intenac The magnitude of double counting is in
the order of the volume of baseflow.

These results differ from those of the Australiaatéy Resources Assessment of 2005 because
they cover the whole of the Adelaide and FinnisgeRbasins as well as smaller catchments within
them, and because they have been climate correctedrepresentative of long-term climate
conditions rather than just a single year’s vallibe National Land and Water Resources
Assessment of 2000 yielded similar results for meamual flow from the Finniss River basin, but
the current project has the advantage of accoufainignger term climate variability and more of
the spatial variability in streamflows between batents, as well as being able to report on
baseflow and quickflow, seasonal behaviour andhgeaf hydrologic indices in addition to simply
reporting on mean annual flows.
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These estimates of water availability do not exiijicake into account current use. Estimated
total average annual groundwater extraction adhes#delaide and Finniss River basins is in the
order of 41 GL/yr. Further analysis and informatwould be required to adjust the existing
estimates of baseflow availability for historicabgndwater pumping, which could be expected to
vary from the current 41 GL/yr over the 1965-20@0ig@d over which baseflow estimates were
initially derived for this study.

Carbonate versus non-carbonate aquifer§he techniques adopted in this trial projectehbeen
developed in catchments with predominantly non-aaalbe aquifers and are considered applicable
across tropical northern Australia wherever catattsiare predominantly non-carbonate. Some of
the catchments in the study area did however aostane carbonate aquifer and therefore
produced sustained low flows during the dry seastlet season flows were readily estimated in
catchments with carbonate aquifers. As part offatyre rollout of the techniques from this
project, it will first be necessary to check rattagle stability (as was done in this project) and
ascertain the spatial extent of carbonate aquifersss tropical northern Australia. Preliminary
investigations undertaken in this study suggedtttieae is a possibility of transposing dry season
hydrologic indices by utilising measures of theeextof carbonate aquifer in each catchment.
Alternatively, detailed numerical groundwater mdidglwould be required for carbonate aquifers,
however this may not be practically feasible acedkareas containing carbonate aquifers in
tropical northern Australia in the short term doelte intensive data requirements and cost
associated with this modelling.

7.2 Recommendations
As a result of undertaking this study, it is recoemaled that:

1. The method developed for this study should be agb all river basins with predominantly
non-carbonate aquifers across tropical northerrirAlis. This would provide a robust
comprehensive assessment of groundwater and suvédee resources and their interaction in
the largely ungauged catchments in this region.iffeemation that can be derived from this
method is considered essential for the subseqseasament of any large scale water resource
development proposals across tropical northernrAliest

2. Trial investigations should be undertaken to asgemhether this technique could equally be
applied to catchments with predominantly carboaatgfers. Preliminary investigations
undertaken in this study suggest that there iptissibility of transposing dry season
hydrologic indices by utilising measures of theeexxtof carbonate aquifer in each catchment.
Wet season hydrologic indices are generally a senfaater resource and could readily be
estimated independent of aquifer type.
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3. Further work should be undertaken to develop a kdrgpnceptual rainfall-runoff model

which better represents groundwater processes te rabably extend streamflows. This is
also expected to reduce the time required to @bétnainfall-runoff models in other
catchments in the future application of this teqglei across tropical northern Australia.

4. Additional long-term monitoring and groundwater ratithg should be undertaken to allow

better information to be fed into this analysighe years and decades to come.
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Appendix A Rating Table Review

Al Elizabeth River at Stuart Highway (8150018)
The gauge at 8150018 has had six rating table esamgger the period of interest, as shown in
Figure A-1. In general, all of these rating taldes fairly similar, except for Table 10, used in
1963-1969, which is considerably different betwapproximately 0.01 and 11 ML/d. However,
all of the rating tables (including Table 10) asséd on consistent streamflow gaugings with
relatively little scatter. The individual ratindalas with their associated streamflow gauging fgoint
are shown below.
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m  Figure A-1: All Rating Tables and Streamflow Gaugin  gs for 8180018
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A.2 Berry River at March Fly Weir (8150027)
One rating table has been used for the gauge 8@02Y%ver its period of record, as shown in
Figure A-8. This rating table has had two relealsasthe releases are very similar and it is umclea
whether the original release has in fact ever lused. It can be seen that the rating table is

supported by a large number of streamflow gaugiagd,is stable with little scatter. No
adjustments were made to this rating.

10

Level (m)

o
[

Streamflow Gaugings
—Table 2 (1960-2006)

0.01 T T
0.001 0.01 0.1

Flow (ML/d) 1 10 100

m  Figure A-8: All Rating Tables and Streamflow Gaugin  gs for 8150027

A.3 East Finniss River at Rum Jungle (8150097)
The gauge at 8150097 has had 10 rating table charvge the period of interest, as shown in
Figure A-9. In general, all of these rating taldes fairly similar, except for Table 5, used in 498
1985, which is considerably different between agpnately O and 0.005 ML/d. All of the rating
tables (except for Table 5 below 0.005 ML/d) aredabon consistent streamflow gaugings with

relatively little scatter. The individual ratingalas with their associated streamflow gauging point
are shown below.
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m  Figure A-19: Rating Table 7 and Streamflow Gaugings  for 8150097 (1987-2006)

A4 Blackmore River at Tumbling Waters (8150098)
The gauge at 8150098 has had five changes in ratiohgs over the period of interest, as shown in
Figure A-20. It can be seen that there has betViriation in the rating tables, and that they a
all based on consistent streamflow gaugings. Twigtual rating tables with their associated
streamflow gauging points are below
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A5 Finniss River at Gitchams (8150180)
The gauge at 8150098 has had a number of changaisng tables over the period of interest, as
shown in Figure A-26. This indicates that the shaifpthe channel at this location is relatively
unstable and thus the shape of the rating chaogésw flows. However, all of the rating tables
shown correspond well with the actual streamflowgyags. The individual rating tables with their
associated streamflow gauging points are shownbelo
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»  Figure A-26: All Rating Tables and Streamflow Gaugi  ngs for 8150180
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»  Figure A-33: Rating Table 45 and Streamflow Gauging s for 8150180 (1974-1977)
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s Figure A-34: Rating Table 50 and Streamflow Gauging s for 8150180 (1977-1979)
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»  Figure A-36: Rating Table 55 and Streamflow Gauging s for 8150180 (1980-1982)
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»  Figure A-37: Rating Table 60 and Streamflow Gauging s for 8150180 (1982-1983)
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s Figure A-38: Rating Table 65 and Streamflow Gauging s for 8150180 (1983-1984)
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»  Figure A-39: Rating Table 70 and Streamflow Gauging s for 8150180 (1984-1991)
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s Figure A-40: Rating Table 75 and Streamflow Gauging s for 8150180 (1991-2006)
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A.6 Adelaide River at Railway Bridge (8170002)
The gauge at 8170002 has had a number of changaisng tables over the period of interest, as
shown in Figure A-41. This indicates that the shaifphe channel at this location is relatively
unstable and thus there have been several sigmifit@nges in the shape of the rating at low
flows. However, all of the rating tables shown espond well with the actual streamflow
gaugings. The individual rating tables with theisaciated streamflow gauging points are shown

below.
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s Figure A-41: All Rating Tables and Streamflow Gaugi  ngs for 8170002
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m  Figure A-42: Rating Table 5 and Streamflow Gaugings  for 8170002 (1962-1979)
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s Figure A-43: Rating Table 4 and Streamflow Gaugings  for 8170002 (1979)
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»  Figure A-44: Rating Table 6 and Streamflow Gaugings  for 8170002 (1979)
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s Figure A-45: Rating Table 12 and Streamflow Gauging s for 8170002 (1979-1980)
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m  Figure A-48: Rating Table 3 and Streamflow Gaugings  for 8170002 (1981-2006)

A7 Adelaide River Upstream of Marrakai Crossing (8  170005)
The gauge at 8170005 has had a number of changetinig tables over the period of interest, as
shown in Figure A-49. This indicates that the shafthe channel at this location is relatively
unstable and thus there have been several sigmtifitb@nges in the shape of the rating at low
flows. However, all of the rating tables shown esgond well with the actual streamflow
gaugings. The individual rating tables with thessaciated streamflow gauging points are shown
below.
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s Figure A-50: Rating Table 1 and Streamflow Gaugings  for 8170005 (1965-1966)
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»  Figure A-51: Rating Table 4 and Streamflow Gaugings  for 8170005 (1966-1967)
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s Figure A-52: Rating Table 5 and Streamflow Gaugings  for 8170005 (1967-1968)
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»  Figure A-56: Rating Table 7 and Streamflow Gaugings  for 8170005 (1972-1974)
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»  Figure A-58: Rating Table 8 and Streamflow Gaugings  for 8170005 (1976-1979)
SINCLAIR KNIGHT MERZ
I\WCMS\Projects\WC03659\Deliverables\Final report\R05_ResearchOutcomes.doc PAGE 85



100

10 A

Level (m)

m Streamflow Gaugings
— Table 9 (1979-1983)

0.1

0.001 0.01

m  Figure A-59: Rating Table 9 and Streamflow Gaugings

100

1
Flow (ML/d)

for 8170005 (1979-1983)

100

1000

10 A

Level (m)

m Streamflow Gaugings
— Table 10 (1983-1986)

0.1

0.001 0.01

s Figure A-60: Rating Table 10 and Streamflow Gauging

SINCLAIR KNIGHT MERZ

1
Flow (ML/d)

I\WCMS\Projects\WC03659\Deliverables\Final report\R05_ResearchOutcomes.doc

100

s for 8170005 (1983-1986)

1000

PAGE 86



100
m Streamflow Gaugings
— Table 11 (1986-1991)
10 -
E
©
>
Q
—
1] —
0.1 T T T T T
0.001 0.01 0.1 1 10 100 1000
Flow (ML/d)
»  Figure A-61: Rating Table 11 and Streamflow Gauging s for 8170005 (1986-1991)
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s Figure A-62: Rating Table 12 and Streamflow Gauging s for 8170005 (1991-1997)
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»  Figure A-63: Rating Table 13 and Streamflow Gauging s for 8170005 (1997-2006)

A.8 Burrell Creek at Eighty-Seven Mile Jump (817006 2)
The gauge at 8170062 has had two changes in tatihes over the period of interest, as shown in

Figure A-64. It can be seen that there has betViriation in the rating tables, and that they a
both based on consistent streamflow gaugings. Adligidual rating tables with their associated
streamflow gauging points are shown below.
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A9 Coomalie Creek at Stuart Highway (8170066)
The gauge at 8170066 has had a number of changatinig tables over the period of interest, as
shown in Figure A-67. It can be seen that theredeas little variation in the rating tables, andtth
they are all based on consistent streamflow gasgifige individual rating tables with their
associated streamflow gauging points are shownbelo
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s Figure A-78: Rating Table 17 and Streamflow Gauging s for 8170066 (1981-1982)
SINCLAIR KNIGHT MERZ
I\WCMS\Projects\WC03659\Deliverables\Final report\R05_ResearchOutcomes.doc PAGE 96



10
m Streamflow Gaugings
— Table 18 (1982-1983)
E
T 19
>
Q
—
0.1 : ‘ ‘ ‘ ‘
0.001 0.01 0.1 1 10 100 1000
Flow (ML/d)
»  Figure A-79: Rating Table 18 and Streamflow Gauging s for 8170066 (1982-1983)
10
m Streamflow Gaugings
— Table 19 (1983-1984)
E
o 19
>
(0]
- [ |
0.1 : : : : :
0.001 0.01 0.1 1 10 100 1000
Flow (ML/d)
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A.10  Adelaide River at Tortilla Flats (8170084)
The gauge at 8170084 has had a number of changetinig tables over the period of interest, as
shown in Figure A-86. This indicates that the shafthe channel at this location is relatively
unstable and thus there have been several sigmtifitb@nges in the shape of the rating at low
flows. However, all of the rating tables shown espond fairly well with the actual streamflow
gaugings. The individual rating tables with thessaciated streamflow gauging points are shown
below.

SINCLAIR KNIGHT MERZ

I\WCMS\Projects\WC03659\Deliverables\Final report\R05_ResearchOutcomes.doc PAGE 100



10
+ Streamflow Gaugings ——Table 13 (1993-2006)
Table 12 (1989-1993) Table 11 (1986-1989)
—— Table 10 (1983-1986) — Table 9 (1981-1983)
—— Table 8 (1979-1981) — Table 7 (1977-1979)
—— Table 6 (1975-1977) — Table 5 (1974-1975)
Table 4 (1967-1974) — Table 3 (1964-1967)

Level (m)

0.1 ‘ ‘ ‘ ‘ ‘
0.001 0.01 0.1 1 10 100 1000
Flow (ML/d)
= Figure A-86: All Rating Tables and Streamflow Gaugi  ngs for 8170084
10
m Streamflow Gaugings
— Table 3 (1964-1967)
E
[
>
(0]
-
0.1 ‘ ‘ ‘ ‘ ‘
0.001 0.01 0.1 1 10 100 1000
Flow (ML/d)
s Figure A-87: Rating Table 3 and Streamflow Gaugings  for 8170084 (1964-1967)
SINCLAIR KNIGHT MERZ
I\WCMS\Projects\WC03659\Deliverables\Final report\R05_ResearchOutcomes.doc PAGE 101



10

m Streamflow Gaugings
— Table 4 (1967-1974)

E
©
>
Q
—
0.1 ‘ ‘ ' ‘ ‘
0.001 0.01 0.1 1 10 100 1000
Flow (ML/d)
»  Figure A-88: Rating Table 4 and Streamflow Gaugings  for 8170084 (1967-1974)
10
m Streamflow Gaugings
— Table 5 (1974-1975)
E
©
>
(0]
-
0.1 ‘ ‘ ‘ ‘ ‘
0.001 0.01 0.1 1 10 100 1000
Flow (ML/d)
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»  Figure A-94: Rating Table 10 and Streamflow Gauging s for 8170084 (1983-1986)
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s Figure A-95: Rating Table 11 and Streamflow Gauging s for 8170084 (1986-1989)
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»  Figure A-96: Rating Table 12 and Streamflow Gauging s for 8170084 (1989-1993)
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s Figure A-97: Rating Table 13 and Streamflow Gauging s for 8170084 (1993-2006)
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A.11  Acacia Creek at Stuart Highway (8170085)
The gauge at 8170085 has had a number of changaisng tables over the period of interest, as
shown in Figure A-98. It can be seen that therebleas little variation in the rating tables, andtth
they are all based on consistent streamflow gasgifige individual rating tables with their
associated streamflow gauging points are showmbelo
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P o < Streamflow Gaugings
A —Table 11 (1994-2006)
W Table 10 (1989-1994)
PRI~ =_ gl Table 9 (1988-1989)
— Table 8 (1986-1988)
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Table 3 (1964-1966)

Level (m)
-
o\
‘\

L ———

0.1 T T T T T
0.001 0.01 0.1 1 10 100 1000
Flow (ML/d)

= Figure A-98: All Rating Tables and Streamflow Gaugi  ngs for 8170085
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»  Figure A-99: Rating Table 3 and Streamflow Gaugings  for 8170085 (1964-1966)
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m  Figure A-100: Rating Table 4 and Streamflow Gauging s for 8170085 (1966-1973)
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»  Figure A-101: Rating Table 5 and Streamflow Gauging s for 8170085 (1973-1978)
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s Figure A-102: Rating Table 6 and Streamflow Gauging s for 8170085 (1978-1983)
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»  Figure A-103: Rating Table 7 and Streamflow Gauging s for 8170085 (1983-1986)
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s Figure A-104: Rating Table 8 and Streamflow Gauging s for 8170085 (1986-1988)
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»  Figure A-105: Rating Table 9 and Streamflow Gauging s for 8170085 (1988-1989)
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»  Figure A-106: Rating Table 10 and Streamflow Gaugin  gs for 8170085 (1989-1994)
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Appendix B Streamflow Data Availability

B.1 Data Availability and Gauge Selection

Streamflow data for all available gauges in thenFEg River and Adelaide River basins was
supplied by NRETA. Gauges that were downstreamajbnregulating structures such as the
Darwin River Dam were excluded from the analysiddifionally, tide gauges and gauges on water
supply or small drainage channels were also exdlulléhorough review of the data from the
remaining 27 gauges was then undertaken to detenwiirch gauges were suitable for use in the
analysis.

A summary of the 27 gauges in the Finniss River/aelaide River basins suitable for use in this
analysis is given in Table B-1. The gauges aredig order of gauge number, with gauges in the
Finniss River basin (basin number 815) first, fokal by gauges in the Adelaide River basin (basin
number 817).

A number of gauges were immediately excluded fromnfarther consideration in this project
based on the characteristics of each catchmerg.ifitiuded Sandy Creek at Casuarina Hospital
(8150003), which is located on a small coastabstren an urban area. As such, data recorded at
this gauge in unlikely to be representative ofttiidrological processes occurring more broadly
across the two basins. Also excluded for this neagas Winnellie Drain at Tiger Brennan Drive
(8150016).

Investigation of the missing data at each gaugevetidhere were a number of reasons for missing
data. NRETA attaches a quality code to each dagadrded streamflow data that indicates the
reliability of the data for that day. These codasge from 1 to 255, with any data coded above 150
considered unreliable. The percentage of missitayidarable B-1 refers to the percentage of data
within the start and end dates of each gauge wi#tityy codes greater than 150. On further
investigation, it was found that much of the ‘mmggidata had been quality coded as 175 or 176,
which indicates that the water level of the streeas below the sensor orifice. In these cases it is
likely that the streamflow on these days was or veag close to zero. This assumption was
confirmed with NRETA, and all missing data code& br 176 was replaced with zero.
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m  Table B-1: Summary of Suitable Streamflow Gauges

Missing Data
After
GaNuoge Name Rf:tcirﬁd ReEQodrd Missing Data Replacement
of QC Codes
175 and 176
8150003 | Sandy Creek at Casuarina 01/09/1979 | 15/09/1981 47% 47%
Hospital
Howard Springs Creek at
8150005 Sandpits 30/11/1968 | 11/07/1974 9% 8%
Finniss River at Batchelor o o
8150010 Dam Site 23/12/1974 16/02/2006 4% 1%
Winnellie Drain at Tiger o o
8150016 Brennan Drive 23/11/1995 19/12/2003 12% 12%
8150018 | Clizabeth River at Stuart 01/02/1953 | 28/06/2006 44% 20%
Highway
8150027 | Berry River at March Fly Weir 02/11/1960 | 25/08/1981 3% 3%
Carawarra Creek at Cox o o
8150096 peninsula Road 17/02/1965 | 14/02/2006 32% 20%
8150097 Ejﬁ;l';'"”'ss River at Rum 20/01/1965 | 26/05/2006 19% 3%
8150098 | Blackmore RiveratTumbling | ;5511961 | 04/08/2005 10% 7%
Waters
Beetsons Creek upstream of o o
8150152 Darwin River Dam 06/09/1972 | 26/08/1981 0% 0%
8150179 | Howard River at Koolpinya 30/10/1963 | 22/06/2006 53% 53%
Stockyard
8150180 | Finniss River at Gitchams 29/10/1960 15/02/2006 5% 5%
East Finniss River at Rum o o
8150200 Jungle Road Crossing 07/12/1981 | 26/05/2006 24% 20%
Finniss River North West of o o
8150204 Mount Fitch 15/12/1981 | 14/09/1995 61% 51%
8170002 gﬂgg‘éde River at Railway 02/03/1953 | 30/01/2005 19% 19%
Adelaide River upstream of o o
8170005 Marrakai Crossing 01/09/1957 | 31/08/2005 23% 17%
8170008 | Adelaide River Downstream 27/08/1981 | 29/01/2005 45% 45%
Daly Road
Margaret River upstream of o o
8170032 Marrrakai Crossing 14/01/1957 26/07/1978 48% 13%
Len Graham Creek upstream o o
8170059 of Fogg Dam 21/10/1958 | 02/04/1962 65% 54%
g170062 | Burell CreekatEighty-Seven |1 1/1957 | 31/08/1986 50% 7%
Mile Jump
Howley Creek downstream of o o
8170065 Brocks Creek Mine 17/12/1997 31/08/2001 63% 45%
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Missing Data
After
GaNuOge Name Rsegi)r:d ReEQ(;jrd Missing Data Replacement
of QC Codes
175 and 176
8170066 | Coomalie Creek at Stuart 01/09/1958 | 26/08/2005 4% 4%
Highway
8170076 | Stapleton Creek at Stuart 01/11/1963 | 27/08/1981 60% 45%
Highway
8170084 | Adelaide River at Tortilla Flats 18/09/1963 31/08/2005 15% 6%
8170085 | Acacia Creek at Stuart 11/11/1963 | 31/08/2005 32% 7%
Highway
8170089 | Snake Creek at Stuart 01/11/1963 | 08/05/1969 82% 80%
Highway
8170240 | Margaret River at Bob's Hill 01/09/1980 | 31/08/1986 58% 23%

Once all missing data quality coded 175 or 176kesh removed from the time series, a more
accurate picture of the percentage of unrecordéasbdata at each gauge could be established.
This led to further gauges being deemed unsuifabl@clusion in the analysis, generally because
their period of record was too short to contribuieaningfully to the statistical analysis, or beeaus
too much of the data was missing.

B.2 Selection of Analysis Period
Having removed gauges with inappropriate hydrolalgiharacteristics and ensuring that all

missing data was due to a faulty gauge readin@rdiian a day of zero flow, the streamflow data
time series for all the gauges was investigatatbtermine a suitable analysis period. Selection of
the analysis period was driven by the requiremehitve a full record of data from the start to the
end of the period at each gauge being analysatlingimissing periods of data using streamflow
regressions based on neighbouring gauges wasaséithinate short periods of missing data, but
this was undertaken sparingly as it has the patktaticross-correlate trends in the data from one
gauge to another. Streamflow data was only infilad used where less than 10% of the data at
each gauge used in the analysis could be missing.

Data from all gauges (excluding those previousiyiglated) was plotted as a Gantt chart so that
gaps in the data could be compared. This is shovAgure B-1, and it can be seen that there are
many periods of missing data at most of the gaagatiered throughout the period of record. This
chart was then used to identify likely analysisqgas. The aim of the analysis period was to select
as many gauges as possible, for as long a pericetofd as possible, while minimising the
amount of missing data requiring infilling. It wemind that this could most optimally be achieved
for two different analysis periods.
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The first analysis period selected ran from 1963005. The advantage of this period is that it
contains a good representation of streamflow véitakor a relatively large number of years.
However, only 7 of the possible 25 gauges had fecgrit amount of recorded data to be included
in the analysis. One of the gauges (8170066) wasdf®o be influenced by discharges from
Woodcutters Mine over the period 1985 to 1987. Mlagnitude of these discharges was in the
order of 9 to 17 ML/d, which was a significant campnt of the dry season flow regime. As a
result, this gauge was excluded from the firstgsislperiod. Alternatively, for the period 1968 to
1978 there were 11 gauges with enough data todhedied in the analysis, but the length of the
period was significantly shorter. As there was ffisient information available at this stage to
resolve this trade-off between temporal and spasiaability, it was decided to proceed with the
analysis using both analysis periods. The gaugaiasle for each period of analysis are
summarised in Table B-2. For each selected stteangfauge, a catchment boundary was
identified using GIS tools.
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s Figure B-1: Gantt Chart For Selected Finniss River and Adelaide River Streamflow
Gauges
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m  Table B-2: Summary of Streamflow Gauges Selected fo  r Each Analysis Period

Gauge No Name if‘é(;h(m”}) 1965-2005 | 1968-1978
8150018 Elizabeth River at Stuart Highway 94 v v
8150027 Berry River at March Fly Weir 141 x v
8150097 East Finniss River at Rum Jungle 74 v v
8150098 Blackmore River at Tumbling Waters 182 v v
8150180 Finniss River at Gitchams 1,048 v v
8170002 Adelaide River at Railway Bridge 655 v v
8170005 Adelaide River upstream of Marrakai Crossing 1,635 x v
8170062 Burrell Creek at Eighty-Seven Mile Jump 42 x v
8170066 Coomalie Creek at Stuart Highway 84 x v
8170084 Adelaide River at Tortilla Flats 1,173 v
8170085 Acacia Creek at Stuart Highway 11 v 4
B.3 Comparison of hydrologic Indices over the two a nalysis periods

To determine the relative influence of temporalafaitity across the two different analysis periods,
the hydrological indices from those gauges witladat both analysis periods were plotted against
each other. A line of best fit passing throughdhigin was then added to each plot. The slope of
this line indicates the degree of difference frame analysis period to another. A high degree of
difference indicates that estimates of an indexcaresiderably different from one analysis period
to the other, and hence that temporal variabiditgni important consideration for that variable.

These plots are shown in Figure B-2 to Figure BT calculated percentage bias is shown for
each of the indices in Table B-3. These statistidate that temporal variability is influential i
estimates of hydrological indices in the catchmenhiaterest. It can be seen that estimates of mean
annual flow are typically 15% higher when calcutbdeer the shorter analysis period as compared
to the longer analysis period. This rises to ashmag20% for the wet season median flow. Some
of the indices have differences of less than 5%df@mmple the wet season"8ercentile flow)

but it can be seen from the plot that there idatively large degree of scatter around the line of
best fit. The low degree of difference calculatedthese indices is sometimes due to the fact that
there is one larger estimate which correspondsaeetiss both analysis periods. This can be
observed in Figure B-7.

It is also worth noting that indices which describe low flow portion of the flow regime (eg the
dry season indices, the'8percentile flow indices and the cease to flow}itembe more variable
from one analysis period to another. This indic#ltes there is more natural variability at the lowe
range of flows as compared with the larger flows.
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= Table B-3: Degree of Difference from Longer to Shor

Percentage Increase in Estimate

ter Analysis Period

Index from Longer Period to Shorter
Period
MAF 15%
Q50w 20%
Q50d 19%
Q20w 18%
Q20d 13%
Q80w 2%
Q8od 2%
CTF -10%
BFI -2%
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= Figure B-2: Comparison of Mean Annual Flow Estimate
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s Figure B-3: Comparison of Wet Season Median Flow Es  timates
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= Figure B-4: Comparison of Dry Season Median Flow Es  timates
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m  Figure B-6: Comparison of Dry Season 20
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s Figure B-7: Comparison of Wet Season 80 " percentile Flow Estimates
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= Figure B-8: Comparison of Dry Season 80 " percentile Flow Estimates
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= Figure B-10: Comparison of Baseflow Index Estimates
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Appendix C Streamflow Infilling

Cl1 Data Infilling
Before the streamflow data from the selected gangekl be used for analysis, data infilling was
undertaken to remove missing data. The method foseathta infilling was development of a
regression relationship for streamflow at the ganfgaterest with streamflow at a nearby gauge.
The two analysis periods selected ensured thédlemfilata accounted for less than 10% of
streamflow data at any given gauge (excluding 8030@here 12% of missing data for the shorter
analysis period was considered acceptable givequhlity of the regression relationship
developed).

Attempts were made to develop regressions on wegldymonthly time steps, however it was
found that these regressions could not maintaivahi@bility observed in the original time series.
As a result, all the regressions developed were dorusing daily streamflow data. A power
transformation of 0.3 or 0.4 was applied to theesgions to improve the fit. In general, the
coefficient of determination @Rand standard error statistics of the regressiars well within

the range of acceptable streamflow regressionoakttips.

The regression relationships that were developethése gauges all show a relatively good fit to
medium to high flows. However, some of the regm@ssidisplay a consistent overestimation at low
flows (e.g. 8150180). Where this occurred, therithistion of the missing data at that gauge was
checked to ensure that the majority of the misdeig did not occur at low flows. For the case of
8150180, the missing data mainly consists of wasse events and as such is not affected by the
poor quality of the regression at lower flows.

Regressions were generally always developed ufligg@ged data available. Regressions were
not developed using infilled data, but were applisihg data previously infilled from another
regression. This was done to minimise the numbeegriessions required to infill all the gauges.
One gauge required two separate regression reshaijmmdue to the timing of the missing data. A
summary of the regressions used is given in Takle while plots showing comparisons of gauged
streamflow with estimated streamflow at each gaargeshown in Appendix C.
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m  Table C-1: Summary of Regression Relationships Used

to Infill Gauged Data

. Percentage of IZ_)a_lly Standard
Regression . - Coefficient of
Gauge i Equation Missing Data R Error (% of
With Gauge X Determination
Infilled 2 Mean)
(R)
8150018 | 8150098 y=(0.6284(x"*)+0.9769)*° 7.43% 0.77 65%
8150027 | 8150180 y=(0.3338(x>*)+2.242)*° 3.31% 0.77 32%
8150097 | 8150096 y=(0.8345(x>%)+0.365)** 3.29% 0.75 61%
8150098 | 8150097 y=(1.3293(x>%)+0.0724)*3 5.51% 0.83 57%
8150180 | 8170002 y=(1.1136(x>%)+0.7582)%3 5.24% 0.79 36%
8170002 | 8170066 y=(2.3315(x>*)-0.649)*° 5.11% 0.73 58%
8170005 | 8170084 y=(1.0244(x"%-0.0966)>* 11.82% 0.94 20%
8170062 | 8150097 y=(0.5707(x"%)-0.0675)>* 2.90% 0.69 91%
8170066 | 8170002 y=(0.3142(x>*+1.1457)*° 3.00% 0.73 46%
8170066 | 8170084 y=(0.229(x>*)+1.4087)*° 0.03% 0.73 45%
8170084 | 8170066 y=(3.1841(x>*-2.0143)*° 5.80% 0.73 65%
8170085 | 8150097 y=(0.4715(x>*)+0.2186)*° 5.48% 0.77 71%
C.2 Plots of infilled data
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m  Figure C-2: Comparison of Gauged and Estimated Flow at 8150018
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Figure C-6: Comparison of Gauged and Estimated Flow at 8150180
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Appendix D Rainfall-runoff model calibrations

D.1 Daily SIMHYD models

s Table D-1 Calibration parameters and statistics fo

r daily SIMHYD models

Parameter 8150018 | 8150097 | 8150098 | 8150180 | 8170002 | 8170084 | 8170085
Catchment Area (kmz) 94.3 74 182.1 1048.4 654.6 1172.7 11.08
Rainfall Factor 1 1 11 1 0.98 1 1
Evaporation Factor 1 1 1 1 1 1 1
COEFF 270 250 270 300 250 170 265
CRAK 0.22 0.53 0.18 0.05 0.023 0.065 0.2298
RK 0.35 0.25 0.26 0.01 0.0145 0.0235 0.23
INSC 6 20 10 12 1 10 2
SMSC 320 500 280 500 480 400 250
SQ 2 3 3 3.16 2.69 3 2.24
SuUB 0.4 0.39 0.78 0.53 0.22 0.39 0.40891
INIHS 0 0 0 0 0 0 0
INIHG 0 0 0 0 0 0 0
SDK 0.35 0.32 0.65 0.23 0.6405 0.37 0.82
Percentage difference in 0.2472 8.5418 -2.0567 -2.7702 -3.9323 -0.7599 -1.8821
means (%)
Coefficient of 0.4270 0.3356 0.6425 0.4713 0.5016 0.5678 0.3428
Determination (R?)
Coefficient of Efficiency 0.3107 0.2585 0.6239 0.4451 0.4063 0.4507 0.2241
(CE)
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D.2 Monthly SIMHYD models

m  Table D-4 Calibration parameters and statistics fo

r monthly SIMHYD models

Parameter 8150018 | 8150097 | 8150098 | 8150180 | 8170002 | 8170084 | 8170085
Catchment Area (km°) 94.3 74 182.1 1048.4 654.6 1172.7 11.08
Rainfall Factor 1 0.95 1.1 0.87 0.99 1.14 1
Evaporation Factor 1 1 1 1 1.1 1 1
COEFF 120 130 90 145 150 150 190
CRAK 0.07 0.15 0.06 0.03 0.16 0 0.0398
RK 0.52 0.395 0.6 0.012 0.019 0.034 0.1459
INSC 6 10 3 29 20 20 10
SMSC 350 500 210 200 250 480 130
SQ 2.33 25 15 2.7 251 1.71 25
SuB 0.25 0.26 0.04813 0.01 0.46 0.1 0.49891
INIHS 0 0 0 0 0 0 0
INIHG 0 0 0 0 0 0 0
SDK 1 1 1 1 1 1 1
Percentage difference in -0.8846 -0.7338 -0.5627 0.4160 0.2802 -0.1545 -0.6605
means (%)
Coefficient of 0.6294 0.6470 0.8628 0.6710 0.7429 0.7179 0.7710
Determination (R?)
Coefficient of Efficiency 0.5954 0.6173 0.8620 0.6343 0.7335 0.7016 0.7635
(CE)
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Appendix E Development of Prediction Equations

E.1l Multiple Linear Regression
Multiple linear regression is a statistical teclugdhat allows one dependent variable (in this case
the hydrological indices) to be predicted from aber of independent variables (the catchment
characteristics). The multiple linear regressionatipns are of the form:

Y=a,+a X, +a,X,+...+a,X,

The dependent variable is denotedybyvhile X, anda, are the independent variables and
coefficients. The multiple linear regression taoSYSTAT was used to determine the coefficients
of the prediction equations, using a method oftlegaares. The coefficients are selected so that
the sum of the square of the residual values (ffiereihce between observed and estimated values)
iS minimised.

E.2 Candidate catchment characteristics
For each selected streamflow gauge, a catchmendboywas identified using GIS tools. These
boundaries were then used to extract catchmenacteaistics for use in development of the
prediction equations. The catchment characterisatscted were mainly developed from those
which have proved successful in previous studresuding SKM (2003), Lowet al (2006) and
Nathanet al (2000). This list was then supplemented with a lpemnof other characteristics which
were considered to be particularly relevant fortimenn Australia. These characteristics are
discussed in more detail below.

Catchment Area
Catchment area was derived using GIS tools andatetnment boundaries developed from digital
elevation model (DEM) information.

Location
A number of characteristics representing the cagetiriocation were derived. These included the
shortest distance from the catchment centroidéatdast and latitude of the catchment centroid.

Elevation
The minimum, maximum, range of, mean and standavéhton of elevation within each
catchment were developed from the DEM.

Slope

The minimum, maximum, range of, mean and standevéhtion of slope within each catchment
were developed from the DEM. The slope for each DielMin each catchment was calculated
based on the elevations of the eight neighbouratig.c
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Aspect
The mean and standard deviation of the aspect{impass direction in degrees that each cell in
the catchment is facing) in each catchment wastzéd using the DEM.

Rainfall and Evaporation

GIS rainfall and actual evaporation grids produlogdhe Bureau of Meteorology were used to
extract minimum, maximum and mean average annirdhtband actual evaporation for each
catchment. These characteristics were calculatecblendar years. Additionally, the average wet
and dry season rainfalls at each catchment centrerd also calculated.

Stream Length and Stream Density

The total stream length within each catchment vedsutated using the 1:250,000 stream network
available from Geoscience Australia. This is thet besolution of stream network data available
with coverage across the whole of northern Austrdlhe stream density was then calculated by
dividing the stream length in each catchment byctdtehment area.

Number of Stream Junctions and Stream Frequency

The total number of stream junctions within eadcluaent was calculated using the 1:250,000
stream network available from Geoscience Australee stream frequency was then calculated by
dividing the number of junctions in each catchngnthe catchment area.

Vegetation Cover

The area covered by woody vegetation in each canhmas calculated using a vegetation
coverage grid supplied by the Australian Greenh@f§iee. This was also expressed as a
percentage by dividing the area of woody vegetdipihe total catchment area.

Soil Type

For each gauged catchment, the percentage of earthclte soil type present was calculated
using GIS tools. These soil types were then coraddrito useful hydrological characteristics
following on from the method proposed by McKenziel &look (1992) and subsequently modified
in SKM (2001b). The result of this was four sub-ettaeristics for each catchment:

= Profile permeability (K);

= Profile water holding capacity (PWHC);
= Depth of soil profile; and

= Texture.

A description of these different rating systemm@uded in Table E-1.

Geology
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Information from the hydrogeological assessmentwgzsl to extract the total length of stream in
each gauged catchment intersecting with carbomptiéeas. This was expressed as absolute and
percentage values. Additionally, the area of caab®aquifer in each catchment (again expressed
as absolute and percentage values) was extractéet. Eection 6.2 for more information on the
geology of the study area.

= Table E-1: Rating System for Soil Type Catchment Ch  aracteristics

Rating Physical Property Description
Profile Permeability
1 <5 mm/day Very slow
2 5 - 50 mm/day Slow
3 50 — 500 mm/day Moderate
4 >500 mm/day Fast
Profile Water Holding Capacity
1 <50 mm Very low
2 50 -150 mm Low
3 150 — 250 mm Medium
4 250 — 350 mm High
5 >350 mm Very high
Soil Texture Profile
1 Uniform coarse
2 Uniform medium
3 Uniform fine
4 Uniform cracking
5 Gradational calcareous
6 Gradational
7 Duplex
Soil Depth
1 <05m Shallow
05-15m Moderate
>15m Deep
E.3 Independent Variable Selection

The catchment characteristics described in Se&idmwere considered in the development of
prediction equations. The stepwise multiple regoestool was used to select appropriate
variables. The process was interactive, allowingaiées to be added or removed from the model
one at a time.
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The correlation of independent variables was awblieuse of a correlation matrix to identify

catchment variables showing high levels of cori@hatThe matrix (showing Rvalues) is shown
in Figure E-1. Variables withRralues greater than 0.70 were not used togettibeiprediction

equations because of their cross-correlation.

The addition of a variable to the model was bagethe F-statistic. This is a measure of the
amount of additional variation (i.e. the variatioot explained by variables already in the model)
explained by the variable. Variables with the hgjtfe-statistic were added first.
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m»  Figure E-1: Correlation Matrix for Catchment Charac  teristics
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A degree of judgement was also used in the seteofilmdependent variables. For example,
variables which appeared to have no causativaaesdtip to the dependent variable under
consideration were excluded from the regressiors Whs necessary as many of the dependent
variables under consideration were those founatodeful in similar studies in southern states,
and in many cases the different topographical éinthtic conditions in northern Australia
rendered these variables less influential hydraolaity.

Due to the relatively small sample size of the dejeat variables (8 to 10 values), it was important
that statistical interpretations of the relatiopsbétween certain independent and dependent
variables could be explained in terms of hydrolabprocesses. This ensured that regression
relationships were not based on statistical naissmomalies in the data, particularly given the
small sample sizes being used.

E.4 Goodness of Fit
The goodness of fit of each regression relationslzip evaluated using the coefficient of
determination (B and standard error of estimate (SEE) paramefaesR measures the
proportion of the total variation that is explairgdthe model. A large Rs associated with a good
model or prediction equation. The standard eg@ni estimate of the standard deviation of the
residuals, that is, it measures the degree ofesaaftthe observed data points around the regmessio
line. Hence a small standard error is associatéuawvi accurate model. The standard error has been
expressed as a percentage of the mean of the edsgependent variable in this report.

For each dependent variable, four primary indepetadariables were selected. Selection of these
primary variables was based on the consideratiotedrabove. Taking into account these factors, a
final “best” variable was chosen. This “best” val@awas then used in a multiple regression with a
secondary variable, to determine whether the estig@uld be improved. Again, the best four
secondary variables were evaluated for each asghgsiod. If it was found that the’ Bnd

standard error were improved with the addition eéeondary variable, and it was considered that
this variable could be physically linked to the eegent variable with some logical explanation, it
was added to the prediction equation. Secondarghblas that were highly correlated with the
primary variable were excluded from the analysis.

The following sections show the best individual aedondary variables for the estimation of each
hydrological prediction index. Prediction equatidrase been shown where they were identified,
and recommendations have been given for theirfisevarious indices are grouped into wet
season and dry season indices.
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E.5 Wet Season Indices

E.5.1 Mean Wet Season Quickflow
The best four predictor variables for mean wetseagiickflow are shown in Table E-2.

= Table E-2 Mean Wet Season Quickflow — Best Primary  Predictor Variables

Rank | Catchment Characteristic | R ? SEE F p

1965-2005

1 Number of Junctions 0.979 12% 459 <0.001

2 Area 0.978 16% 226 <0.001

3 Steam Length 0.978 17% 220 <0.001

4 Perimeter 0.945 26% 86 <0.001
1968-1978

1 Number of Junctions 0.994 9% 1481 <0.001

2 Stream Length 0.973 20% 326 <0.001

3 Area 0.963 23% 238 <0.001

4 Woody Area 0.954 26% 187 <0.001

Each of the four primary variables in Table E-bighly correlated with area. For the reasons
discussed previously, area was chosen as the primdable. Table E-3 shows the best secondary
variables used with area to predict mean wet seagsickflow. The correlation matrix in Figure

E-1 shows that number of junctions, stream lengthwaoody area are all highly correlated with
area. Of these variables, area would be expecteav® the most readily interpretable relationship
with mean wet season flow, and its value can bailseastimated for any catchment. Given the
restricted number of data points, it is likely tkia¢ other three variables are primarily acting as
surrogates for area. This is reinforced by the tta&t the variables percentage wooded area, stream
density and frequency of junctions, all of whiclvédad their areal component removed, were not
found to be good predictors of mean wet season fipthemselves. For these reasons, area was
selected as the primary predictor variable for mganseason flow.
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= Table E-3: Mean Wet Season Quickflow — Best Seconda ry Predictor Variables With Area

Rank Secondary Variable R ? SEE F (Arpea) (secp%dary
variable)

1965-2005

1 Distance to Coast 0.997 % 22 <0.001 0.009

2 Number of Junctions 0.991 12% 6 0.405 0.074

3 Mean Elevation 0.990 12% 5 <0.001 0.094

4 Latitude 0.990 13% 4 <0.001 0.103
1968-1978

1 Number of Junctions 0.995 9% 50 0.246 <0.001

2 Woody Area 0.985 16% 12 0.003 0.009

3 Stream Length 0.981 18% 7 0.107 0.027

4 Frequency of Junctions 0.978 19% 6 <0.001 0.047

The variable distance to coast, when used with argaoves the prediction of mean wet season
quickflow for the 1965-2005 analysis period. Fa 1968-1978 analysis period, the only variable
not correlated with area that improves the prealictf mean wet season quickflow is the
frequency of junctions. The relationship betweemmet season quickflow and the frequency of
stream junctions in the catchment is not altogethesr, however those catchments with a greater
number of stream junctions per square kilometrdilaety to have larger volumes of surface
runoff. Given the uncertainty associated with thistance to coast was chosen as the best
secondary variable for use in the prediction eguati

The equation using area to predict mean wet seqgokflow (derived with data from the 1965-
2005 analysis period) is:

MQF,, = 8.803+ (0.305x Area)

where: MQF,, = Mean Wet Season Quickflow (GL/year);

Area= Catchment Area (kA

R?>=0.978; and
SEE = 16%
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A significant improvement to the estimate of meaat season quickflow can be made by including
the variable distance to coast in the predictiamaéign:

MQF,, =39.200+ (0.353% Area) — (1.140x DistToCoas)

where: MQF,, = Mean Wet Season Quickflow (GL/year);
Area= Catchment Area (kN
DistToCoast Direct distance from catchment centroid to ndaseastal point (km)
R*=0.997; and
SEE =7%

The observed mean wet season quickflows for th&-P@85 period, and the mean wet season
quickflows estimated using the above predictionagigas are shown in Figure E-2 below.
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E.5.2 Mean Wet Season Baseflow
The best four predictor variables for mean wet@eédsseflow are shown in Table E-4.

= Table E-4 Mean Wet Season Baseflow — Best Primary P redictor Variables

Rank | Catchment Characteristic R 2 SEE F p

1965-2005

1 Number of Junctions 0.967 19% 174 <0.001

2 Woody Area 0.969 20% 156 <0.001

3 Area 0.923 32% 60 0.001

4 Stream Length 0.921 33% 58 0.001
1968-1978

1 Number of Junctions 0.988 14% 733 <0.001

2 Stream Length 0.967 22% 268 <0.001

3 Area 0.964 23% 240 <0.001

4 Woody Area 0.951 27% 176 <0.001

Each of the four primary variables in Table E-ighly correlated with area. For the reasons
discussed previously, area was chosen as the grimdable. Table E-5 shows the best secondary
variables used with area to predict mean wet selaasa flow.

m  Table E-5: Mean Wet Season Baseflow — Best Secondar vy Predictor Variables With Area

Rank Secondary Variable R ? SEE F (Arpea) (seC(_)Fr)wdary
variable)

1965-2005

1 Distance to Coast 0.987 15% 19 <0.001 0.012

2 Number of Junctions 0.979 19% 11 0.320 0.031

3 Woody Area 0.976 20% 9 0.342 0.041

4 Latitude 0.963 25% 4 0.001 0.108
1968-1978

1 Number of Junctions 0.988 14% 16 0.813 0.004

2 Woody Area 0.984 16% 10 0.003 0.012

3 Distance to Coast 0.975 20% 4 <0.001 0.092

4 Latitude 0.972 22% 2 <0.001 0.171

The variable distance to coast, when used with argaoves the prediction of mean wet season
baseflow for both analysis periods. Distance tastoas therefore chosen as the best secondary
variable for use in the prediction equation.
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The equation using area to predict mean wet sdaesaflow (derived with data from the 1965-
2005 analysis period) is:

MBF, = 2.450+ (0.109x Area)

where: MBF, = Mean Wet Season Baseflow (GL/year);
Area= Catchment Area (kf
R®=0.923; and
SEE = 32%

A significant improvement to the estimate of meast season baseflow can be made by including
the variable distance to coast in the predictiamagqn:

MBF,, = 23221+ (0.142x Area) — (0.779% DistToCoas)

where: MBF,, = Mean Wet Season Baseflow (GL/year);
Area= Catchment Area (ki
DistToCoast= Direct distance from catchment centroid to ndareastal point (km)
R*=0.987; and
SEE = 15%

The observed mean wet season baseflows for the 28®5 period, and the mean wet season
baseflows estimated using the above predictiontemsaare shown in Figure E-3 below.
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m  Figure E-3: Observed and Estimated Mean Wet Season  Baseflows for the 1965-2005
Period

E.5.3 Median Daily Flow — Wet Season
The best four predictor variables for wet seasodiamedaily flow are shown in Table E-6.

m  Table E-6 Wet Season Median Daily Flow — Best Prima  ry Predictor Variables

Rank | Catchment Characteristic R 2 SEE F p

1965-2005

1 Woody Area 0.965 22% 137 <0.001

2 Number of Junctions 0.917 33% 55 0.001

3 Area 0.831 45% 25 0.004

4 Stream Length 0.829 45% 24 0.004
1968-1978

1 Woody Area 0.966 23% 254 <0.001

2 Number of Junctions 0.919 36% 102 <0.001

3 Stream Length 0.849 49% 51 <0.001

4 Area 0.836 51% 46 <0.001

Each of the four primary variables in Table E-Gighly correlated with area. For the reasons
discussed previously, area was chosen as the priragable. Table E-7 shows the best secondary
variables used with area to predict wet seasonanethily flow.
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m Table E-7: Wet Season Median Daily Flow — Best Seco ndary Predictor Variables With

Area
p
Rank Secondary Variable R ? SEE F (Arpea) (secpndary
variable)
1965-2005
1 Distance to Coast 0.954 25% 40 0.001 0.033
2 Latitude 0.904 35% 18 0.008 0.168
3 Minimum Evaporation 0.885 38% 15 0.018 0.250
4 Mean Evaporation 0.884 38% 15 0.012 0.258
1968-1978
1 Frequency of Junctions 0.870 48% 47 <0.001 0.189
2 Distance to Coast 0.863 50% 45 <0.001 0.245
3 Latitude 0.850 52% 38 <0.001 0.415
4 Std Dev of Aspect 0.848 52% 39 <0.001 0.453

The variable distance to coast, when used with, argaoves the prediction of wet season median
daily flow for both analysis periods. Frequencyusfctions was the secondary variable that
resulted in the greatest improvement of estimags the 1968-1978 analysis period. However,
over the longer 1965-2005 analysis period, it poedua larger standard error of estimate (SEE =
52%) than for area alone (SEE = 45%). Distanc®&sicwas therefore chosen as the best
secondary variable for use in the prediction eguati

The equation using area to predict wet season melaidy flow (derived with data from the 1965-
2005 analysis period) is:

Q50, = 21.391+ (0.700x Area)

where: Q50Q, = Wet Season Median Daily Flow (ML/day);

Area= Catchment Area (ki

R?>=0.831; and
SEE = 45%
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A significant improvement to the estimate of wedssen median daily flow can be made by
including the variable distance to coast in thelmté@n equation:

Q50,, = 216529+ (1.009% Area) — (7.322x DistToCoas)

where: Q50Q, = Wet Season Median Daily Flow (ML/day);
Area= Catchment Area (ki
DistToCoast Direct distance from catchment centroid to ndaseastal point (km)
R® = 0.952; and
SEE = 25%

The observed wet season median daily flows fod865-2005 period, and the wet season median
daily flows estimated using the above predictionagipns are shown in Figure E-4 below.
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s Figure E-4: Observed and Estimated Wet Season Media n Daily Flows for the 1965-2005
Period
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E.5.4 20" Percentile Flow — Wet Season
The best four predictor variables for wet seasdhp@centile flow are shown in Table 8-8.

= Table 8-8: Wet Season 20 ™ Percentile Flow — Best Primary Predictor Variables

Rank | Catchment Characteristic R 2 | SEE | F p

1965-2005

1 Number of Junctions 0.976 18% 203 <0.001

2 Area 0.953 24% 101 <0.001

3 Stream Length 0.949 25% 93 <0.001

4 Woody Area 0.943 27% 83 <0.001
1968-1978

1 Area 0.984 16% 554 <0.001

2 Stream Length 0.982 17% 484 <0.001

3 Number of Junctions 0.979 18% 429 <0.001

4 Perimeter 0.959 26% 212 <0.001

Each of the primary variables in Table 8-8 is hjgtdrrelated with area. For the reasons discussed
previously, area was chosen as the primary varidlalele E-9 shows the best secondary variables
used with area to predict wet seasoli gércentile flow.

= Table E-9: Wet Season 20 " Percentile Flow — Best Secondary Predictor Variabl  es With

Area
. 2 p P
Rank Secondary Variable R SEE F (Area) (secpndary
variable)
1965-2005
1 Distance to Coast 0.997 6% 682 <0.001 0.001
2 Latitude 0.986 14% 136 <0.001 0.040
3 Mean Elevation 0.981 16% 103 <0.001 0.072
4 Minimum Evaporation 0.979 16% 94 0.001 0.088
1968-1978
1 Distance to Coast 0.991 13% 778 <0.001 0.031
2 Latitude 0.991 13% 697 <0.001 0.042
3 Mean Evaporation 0.990 13% 620 <0.001 0.057
4 Maximum Evaporation 0.990 14% 739 <0.001 0.073

The variable distance to coast, when used with, argaoves the prediction of wet seasoff 20
percentile flow for both analysis periods. Theestecondary variables, latitude, mean elevation
and the evaporation variables, are all correlatitil dvstance to coast.
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The equation using area to predict wet seasrp2€centile flow (derived with data from the
1965-2005 analysis period) is:

Q20,, = 60.676+ (3.830x Areq)

where: Q20Q, = Wet Season J0Percentile Flow (ML/day);
Area= Catchment Area (ki
R®=0.953; and
SEE =24%

A significant improvement to the estimate of weisa 28 percentile flow can be made by
including the variable distance to coast in thalmtéon equation:

Q20, = 661118+ (4.782x Area) - (22.528x DistToCoas)

where: Q20, = Wet Season 2DPercentile Flow (ML/day);
Area= Catchment Area (kR
DistToCoast= Direct distance from catchment centroid to ndareastal point (km)
R*=0.997; and
SEE = 6%

The observed wet seasori"3fercentile flows for the 1965-2005 period, andwle¢ season 20
percentile flows estimated using the above praafictiquations are shown in Figure E-5 below.
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»  Figure E-5: Observed and Estimated Wet Season 20 ™ percentile Flows for the 1965-2005
Period

E.5.5 80" Percentile Flow — Wet Season
The best four predictor variables for wet seasdhp@ficentile flow are shown in Table E-10.

= Table E-10: Wet Season 80 " Percentile Flow — Best Primary Predictor Variables

Rank | Catchment Characteristic R 2 | SEE | F p

1965-2005

1 Woody Area 0.998 5% 2625 <0.001

2 Number of Junctions 0.971 22% 155 <0.001

3 Stream Length 0.908 38% 49 0.001

4 Area 0.906 38% 48 0.001
1968-1978

1 Woody Area 0.951 31% 175 <0.001

2 Number of Junctions 0.909 42% 89 <0.001

3 Stream Length 0.838 56% 46 <0.001

4 Area 0.830 58% 44 <0.001

Each of the primary variables in Table E-10 is higiorrelated with area. For the reasons
discussed previously, area was chosen as the griaaable. Table E-9 shows the best secondary
variables used with area to predict wet seas8ip&écentile flow.
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= Table E-11: Wet Season 80 ™ Percentile Flow — Best Secondary Predictor Variabl  es With

Area
p
Rank Secondary Variable R ? SEE F (Arpea) (secpndary
variable)
1965-2005
1 Distance to Coast 0.949 29% 35 0.003 0.153
2 % Wooded Area 0.938 32% 29 0.002 0.238
3 Latitude 0.925 35% 24 0.007 0.384
4 Minimum Evaporation 0.919 36% 23 0.015 0.461
1968-1978
1 Distance to Coast 0.856 56% 43 <0.001 0.256
2 Frequency of Junctions 0.855 57% 42 <0.001 0.265
3 Std Dev of Aspect 0.841 59% 37 <0.001 0.467
4 % Wooded Area 0.839 60% 38 <0.001 0.516

The variable distance to coast, when used with, argaoves the prediction of wet seasoff 80
percentile flow for both analysis periods. Percgatavooded area also appears in the top four
secondary variables for both analysis periodsrdsilts in only a slight improvement to the
estimate for the 1965-2005 analysis period and @avestimate for the 1968-1978 analysis period.
As was the case with the prediction of wet seasediam daily flow, frequency of junctions is one
of the best secondary variables when used withfarahe 1968-1978 analysis period, but
produced a higher standard error of estimate (SBEE%) for the 1965-2005 analysis period than
area used alone (SEE = 38%).

The equation using area to predict wet seas8rp8€centile flow (derived with data from the
1965-2005 analysis period) is:

Q80, = -4.364+ (0.122x Area)

where: Q80, = Wet Season 80Percentile Flow (ML/day);
Area= Catchment Area ()t
R® = 0.906; and
SEE = 38%

A significant improvement to the estimate of weisn 88 percentile flow can be made by
including the variable distance to coast in thelmten equation:
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Q80,, =14.720+ (0.153x Area) - (0.716x DistToCoas)

where:

Q80, = Wet Season 80Percentile Flow (ML/day);

Area= Catchment Area (kA

DistToCoast= Direct distance from catchment centroid to ndareastal point (km)
R? = 0.949; and

SEE =29%

The observed wet seasort"gercentile flows for the 1965-2005 period, andwle¢ season 80
percentile flows estimated using the above praafictiquations are shown in Figure E-6 below.
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E.6 Dry Season Indices

E.6.1 Mean Dry Season Quickflow
The best four predictor variables for mean dry seagiickflow are shown in Table E-12.

Although not one of the best four for the 1968-18nalysis period, area is also included as it is
correlated with many of the other variables.

= Table E-12 Mean Dry Season Quickflow — Best Primary  Predictor Variables

Rank | Catchment Characteristic R ° SEE F p

1965-2005

1 Stream Length 0.987 13% 387 <0.001

2 Area 0.985 14% 340 <0.001

3 Perimeter 0.978 17% 225 <0.001

4 Range of Elevation 0.964 22% 133 <0.001
1968-1978

1 Woody Area 0.914 34% 96 <0.001

2 Number of Junctions 0.864 43% 57 <0.001

3 Stream Length 0.798 53% 36 <0.001

4 Perimeter 0.790 54% 34 <0.001

n/a Area 0.771 56% 30 <0.001

Four of the six primary variables in Table E-12 laighly correlated with area, excluding the range
of elevations, the correlation of which with meaw season quickflow may be a statistical artefact.
For the reasons discussed previously, area wagglassthe primary variable. Table E-13 shows
the best secondary variables used with area togbredan dry season quickflow.

m  Table E-13: Mean Dry Season Quickflow — Best Second ary Predictor Variables With

Area
. 2 6] P
Rank Secondary Variable R SEE F (Area) (secqndary
variable)
1965-2005
1 Dry Season Rainfall 0.997 7% 15 <0.001 0.018
2 Distance to Coast 0.996 9% 9 <0.001 0.040
3 Mean Elevation 0.992 11% 4 <0.001 0.126
4 Latitude 0.992 11% 4 <0.001 0.126
1968-1978
1 Number of Junctions 0.942 30% 24 0.011 0.001
2 Woody Area 0.921 35% 15 0.431 0.005
3 Stream Length 0.899 39% 10 0.022 0.013
4 Frequency of Junctions 0.825 52% 3 <0.001 0.156
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The variable dry season rainfall, when used wigaamproves the prediction of mean dry season
quickflow for the 1965-2005 analysis period. Theiakle distance to coast also improves the
prediction of mean dry season quickflow, but gittest distance to coast is related the occurrence
of intense cyclonic rainfall (which is likely to ppen only rarely in the dry season), the average dr
season rainfall is felt to be a better predictodigf season quickflow. For the 1968-1978 analysis
period the variable frequency of junctions improtres prediction of mean dry season quickflow
slightly, however dry season rainfall provides eager increase in goodness of fit. Dry season
rainfall was therefore chosen as the best secon@aigble for use in the prediction equation.

The equation using area to predict mean dry sequicikflow (derived with data from the 1965-
2005 analysis period) is:

MQF, = 0.012+ (0.007x Area)

where: MQF4 = Mean Dry Season Quickflow (GL/year);
Area= Catchment Area (ki
R* = 0.985; and
SEE = 14%

A significant improvement to the estimate of meanstason quickflow can be made by including
the variable dry season rainfall in the prediciguation:

MQF, = —-6.184+ (0.006x Area) + (0.025x DrySeasonRin)

where: MQF, = Mean Dry Season Quickflow (GL/year);
Area= Catchment Area (ki
DrySeasonRair Mean dry season rainfall (mm)
R®=0.997; and
SEE = 7%

The observed mean dry season quickflows for th&-P2®5 period, and the mean dry season
quickflows estimated using the above predictionagigns are shown in Figure E-7 below.
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»  Figure E-7: Observed and Estimated Mean Dry Season  Quickflows for the 1965-2005
Period

E.6.2 Mean Dry Season Baseflow
The best four predictor variables for mean dry gedmseflow are shown in Table E-14.

= Table E-14 Mean Dry Season Baseflow — Best Primary  Predictor Variables

10

Rank | Catchment Characteristic R 2 SEE F p
1965-2005
1 Woody Area 0.983 18% 285 <0.001
Number of Junctions 0.918 40% 56 0.001
Standard Deviation of 0.854 53% 29 0.003
Elevation
4 Area 0.825 58% 24 0.005
1968-1978
1 Woody Area 0.679 73% 19 0.002
2 Number of Junctions 0.539 87% 11 0.010
3 Range of Elevations 0.502 90% 0.015
4 Standard Deviation of 0.472 93% 0.020
Elevation
SINCLAIR KNIGHT MERZ

I\WCMS\Projects\WC03659\Deliverables\Final report\R05_ResearchOutcomes.doc PAGE 168




Three of the four primary variables in Table E-1d highly correlated with area, excluding the
standard deviation of elevation, the correlatiombfch with mean dry season baseflow may be a
statistical artefact. It can be seen that no véesatvere able to accurately predict mean dry season
baseflow over the shorter analysis period. Thetfatvariables such as the range and standard
deviation of elevation have emerged in the top fodependent variables for this period
demonstrates the poor temporal variability of tatador the 1968-1978 analysis period.

For the reasons discussed previously, area waglassthe primary variable. Table E-15 shows
the best secondary variables used with area togbredan dry season baseflow.

= Table E-15: Mean Dry Season Baseflow — Best Seconda ry Predictor Variables With Area

Rank Secondary Variable R 2 SEE F (Arpea) (secp?]dary
variable)

1965-2005

1 Woody Area 0.993 13% 103 0.062 0.001

2 Number of Junctions 0.975 25% 24 0.040 0.008

3 Percentage of Woody Area 0.875 55% 2 0.006 0.279

4 Distance to Coast 0.865 57% 1 0.016 0.342
1968-1978

1 Woody Area 0.825 57% 18 0.032 0.003

2 Number of Junctions 0.766 66% 12 0.023 0.009

3 Standard Deviation of 0.639 82% 5 0.037 0.064

Aspect
4 Stream Length 0.584 88% 3 0.150 0.124

Of these variables, woody area and number of jonstare correlated with area and so cannot be
used in a multiple linear regression where aredréady used. The variable percentage of woody
area is independent of area and provides some aprent in the prediction of mean dry season
baseflow. The hydrological relationship betweensigson baseflow and the percentage of the
catchment covered by woody vegetation is not attwgeclear, however it could be argued that
increased tree cover acts to retain water in tigsafile and so promote baseflow. It is worth
noting that similar catchment characteristics Hasen successfully used in baseflow prediction
equations in other studies (SKM, 2003). Percentdigeoody vegetation was therefore chosen as
the best secondary variable for use in the predfictguation.

The equation using area to predict mean dry seaaseflow (derived with data from the 1965-
2005 analysis period) is:

MBF, = -0.258+ (0.007x Area)
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where: MBF4 = Mean Dry Season Baseflow (GL/year);
Area= Catchment Area (ki
R* = 0.825; and
SEE = 58%

An improvement to the estimate of mean dry seassefltow can be made by including the
variable percentage of woody area in the predictiumation:

MBF, = -2.788+ (0.007x Area) + (9.501x PercentWody)

where: MBF4 = Mean Dry Season Baseflow (GL/year);
Area= Catchment Area (ki
PercentWoody Percentage of catchment covered by woody vegetéib)
R’ = 0.993; and
SEE = 55%

The observed mean dry season baseflows for the 2885 period, and the mean dry season
baseflows estimated using the above predictionteansaare shown in Figure E-8 below.
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E.6.3 Median Daily Flow — Dry Season
The best four predictor variables for dry seasodiaredaily flow are shown in Table E-16.
Although not one of the best four, area is alstuithed, as it is highly correlated with the majority

of the other variables.

= Table E-16: Dry Season Median Daily Flow — Best Pri

8 10
Observed Mean Dry Season Baseflow (GL/yr)

Baseflows for the 1965-2005

mary Predictor Variables

12

Rank | Catchment Characteristic R 2 SEE F
1965-2005
1 Woody Area 0.987 16% 304 <0.001
2 Number of Junctions 0.935 35% 65 <0.001
3 Std Dev of Elevation 0.880 47% 35 0.002
4 Range of Elevation 0.854 49% 26 0.004
n/a Area 0.847 52% 27 0.003
1968-1978
1 Woody Area 0.561 84% 12 0.008
2 Std Dev of Aspect 0.525 88% 10 0.012
3 Range of Elevation 0.470 92% 0.020
4 Number of Junctions 0.453 94% 0.023
n/a Area 0.376 100% 0.045
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Attempts were also made to correlate the mediarseagon flow with the geological variables
relating to the proportion of carbonate aquiferspre in each gauged catchment. This was based on
the observation that two catchments in particulién known interaction with carbonate aquifers
(8150027 and 8170066) tend to have sustained dsoseflows. However, it proved difficult to fit

a relationship due to variability in the estimadésarbonate aquifer interaction (refer Section 6)
and the very small sample size of gauged catchnasaitable. Five of the eleven catchments have
a dry season median daily flow of zero. Four okéheatchments are used in the 1965-2005
analysis period, with only three non-zero pointscus the regression analyses. This high
proportion of zero values makes the significancamnyf relationship difficult to determine.

Therefore, no regression relationship has beemmemmnded and it is concluded that the dry season
median daily flow cannot reliably be predicted frtme candidate catchment characteristics with
the available sample size of gauged data.

E.6.4 20" Percentile Flow — Dry Season

The best four predictor variables for dry seasdhp@frcentile flow are shown in Table E-17.
Although not one of the best four, area is alstuiied, as it is correlated with all of the other
variables.

s Table E-17: Dry Season 20 ™ percentile Flow — Best Primary Predictor Variables

Rank | Catchment Characteristic R ° SEE F p
1965-2005
1 Woody Area 0.993 12% 608 <0.001
2 Number of Junctions 0.960 27% 110 <0.001
3 Std Dev of Elevation 0.923 36% 57 0.001
4 Range of Elevation 0.900 40% 39 0.002
n/a Area 0.896 42% 42 0.001
1968-1978
1 Woody Area 0.794 54% 35 <0.001
2 Number of Junctions 0.720 63% 23 0.001
3 Stream Length 0.664 69% 18 0.002
4 Perimeter 0.655 70% 17 0.003
n/a Area 0.653 70% 17 0.003

As all variables in Table E-17 are highly correthteth area, and given the reasons discussed
previously, area was chosen as the primary varidlalele E-18 shows the best secondary variables
used with area to predict dry seasoff gércentile flow.
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= Table E-18: Dry Season 20 " percentile Flow — Best Secondary Predictor Variabl  es With

Area
p
Rank Secondary Variable R ? SEE F (Arpea) (secpndary
variable)
1965-2005
1 % Wooded Area 0.935 34% 27 0.002 0.218
2 Maximum Slope 0.907 40% 19 0.339 0.556
3 Range of Slope 0.907 40% 19 0.338 0.557
4 Maximum Elevation 0.905 40% 18 0.130 0.602
1968-1978
1 Std Dev of Aspect 0.834 52% 23 0.001 0.018
2 Distance to Coast 0.703 69% 18 0.003 0.278
3 Minimum Elevation 0.684 71% 12 0.009 0.400
4 Latitude 0.681 72% 15 0.004 0.432

It can be seen from Table E-18 that the only seagndariables that may be used to improve the
estimate of dry season2percentile flow are percentage wooded area oeet#65-2005 analysis
period, and standard deviation of aspect over 8681978 period. Standard deviation of aspect
(which describes the variability of direction ofllslope faces within a catchment) is relevant to
southern Australia where rain shadows and expdswenlight can influence hydrological
conditions, but this effect is not clearly evidanthe Northern Territory. As a result, this vat@ab
was excluded as it had a tenuous link to the dagae 28 percentile flow. The percentage of
woody area has a better link to dry season flovisiva catchment, as it could be argued that a
greater coverage of woody vegetation within a gattt is an indication of greater surface
water/groundwater interaction in the catchmenttand higher a baseflow component to the
gauged flows. As the #(ercentile flow is usually regarded as a ‘higb\fl and as such is likely
to have little baseflow influence, the fact thathe pilot catchments dry season flows are relbtive
low (the maximum 20 percentile dry season flow is 86 ML/d) indicateattbaseflow is probably
an important component of the entire flow regimemythe dry season.

The equation using area to predict dry seas8rp2écentile flow (using data from the 1965-2005
analysis period) is:

Q20, =—-3.609+ (0.068x Area)

where: Q2Q, = Dry Season 2DPercentile Flow (ML/day);

Area= Catchment Area (ki
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R?=0.896: and
SEE = 42%

A significant improvement to the estimate of drasen 28 percentile flow can be made by
including the variable percentage of woody vegetain the prediction equation:

Q20, =-23557+ (0.069x Area) + (74.902x PercentWody)

where: Q2Q, = Dry Season Z0Percentile Flow (ML/day);
Area= Catchment Area (kA
PercentWoody Percentage of catchment area covered by woodstaion (%);
R? = 0.935; and
SEE = 34%

The observed dry season™gercentile flows for the 1965-2005 period, anddheseason 20
percentile flows estimated using the above praatictiquations are shown in Figure E-9 below.
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m  Figure E-9: Observed and Estimated Dry Season 20 " percentile Flows for the 1965-2005
Period
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E.6.5 80" Percentile Flow — Dry Season
The best four predictor variables for dry seasdh@grcentile flow are shown in Table E-19.

Although not one of the best four, area is alstuithed, as it is correlated with a number of the
other variables.

= Table E-19: Dry Season 80 ™ percentile Flow — best predictor variables

Rank | Catchment Characteristic R ° SEE F p
1965-2005
1 Woody Area 0.695 90% 11 0.022
2 Number of Junctions 0.535 99% 6 0.065
3 Std Dev of Elevation 0.423 101% 4 0.115
4 Range of Slope 0.401 97% 3 0.131
n/a Area 0.377 101% 3 0.143
1968-1978
1 Std Dev of Aspect 0.617 109% 15 0.004
2 Woody Area 0.141 163% 15 0.255
3 Minimum Elevation 0.134 164% 1.4 0.269
4 Range of Elevation 0.091 168% 0.9 0.367
n/a Area 0.034 173% 0.3 0.589

Five of the eleven catchments have a dry seasbp@@entile flow of zero. Four of these
catchments are used in the 1965-2005 analysischevith only three non-zero points used in the
regression analyses. This high proportion of zatoas makes the significance of any relationship
difficult to determine. For this reason no predintequation has been recommended for dry season
80" percentile flow.
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E.7 Summary
A number of multiple linear regression relationshipere developed which can be used to predict

the hydrological indices in ungauged catchmentssbme indices, two equations were developed
representing an additional level of complexity liglimg another independent variable to the
equation, with a resultant increase in the goodagfts A summary of the recommended
equations is given in Table E-20, and in all cabesquations with two independent variables are
recommended as the most accurate.

= Table E-20: Recommended Regression Equations

Index Multiple Linear Regression Equation R °? SEE (%)
MQFw | 39.200+ (0.353% Area) — (1.140x DistToCoas) 0.997 7
MBF. | 23221+ (0.142x Aread) — (0.779x DistToCoas) 0.987 15
Q50w | 216529+ (1.009% Area) — (7.322x DistToCoas) 0.952 25
Q20w | 661118+ (4.782x Area) — (22.528x DistToCoas) 0.997 6
Q80w | 14.720+ (0.153x Area) — (0.716x DistToCoas) 0.949 29
MQFs | —6.184+ (0.006x Aread) + (0.025x DrySeasonRin) 0.997 7
MBFq - 2.788+ (0.007x Area) + (9.501x PercentWodly) 0.993 55
Q50d o~ NA NA
Q20d | —23557+ (0.069x Area) + (74.902x PercentWody) 0.935 34
Q8od | O* NA NA

*value may be greater than zero for catchmentsaboing some carbonate aquifer
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Appendix F Geology and Hydrogeology

F.1 Geology of the Adelaide River Basin

Tertiary and Quaternary sediments form a veneer mest of the Proterozoic and Mesozoic rocks.
The surface geology of the Adelaide River vallegharacterised by Quaternary-aged alluvium. In
the northern part of the basin, on the saline nhatd,fthe alluvium comprises mud, silt and clay
(Black-soil plains), which are bordered by colld\sand, silt and clay. These flats are inundated
during the wet season. Sand, silt and clay domitm&telluvial fill in the southern parts of the

basin, which also includes ferruginised gravel {geile and Stuart-Smith, 1987). The average
thickness of the Cainozoic sediments is approxilp&en (Verma, 2002). The higher ground on
the floodplain margins and between the smallemage lines in the north of the basin is composed
of Tertiary-Quaternary laterite and unconsolidegadd and sandy soils.

In the north of the basin, to the west and eattt@f\delaide River floodplain, the underlying
geology comprises Mesozoic-aged (Cretaceous)ilag sediments of the Bathurst Island
Formation. In the northern reaches of the Adel&dker basin, this formation is at least 80m thick
(up to 130 m in thickness) and comprises claystomeglium to coarse grained sandstone and minor
conglomerate. The Cretaceous sediments were degasitan unconformity related to a period of
non-deposition between 1800 and 225 million yegos(da) (Pietsch and Stuart-Smith, 1987)

Beneath the Mesozoic sediments in the north amdtiirunderlying the Cainozoic alluvium (with
limited outcrop) and predominantly outcroppingtie south of the basin is the Proterozoic
geology. From north to south, the Proterozoic ggplmomprises: Mount Partridge Group (arenites,
lutite, volcanics and dolomites), South Alligataro@p (iron-rich and tuffaceous sediments) and
the Finniss River Group (interbedded siltstonessamtistones, and more resistant greywackes).
There are also some small inliers of granite (Bfetsxd Stuart Smith, 1987 and Ahnedal,

1993).

The Archaean-aged Rum Jungle Complex forms theawebbundary of the Adelaide River basin
and is located approximately in the middle of thsib. It consists of granites which have intruded
gneiss, schist, diorite and banded iron formatfidre contact between the overlying Proterozoic
metasediments is generally sheared (Pietsch amdt Stonith, 1987).

The hard-rock geology is heavily folded, with tiddfaxes trending roughly north-south. There are
three major faults in the basin: the Giants ReedtFavhich trends northeast-southwest through the
Rum Jungle Complex and terminates just north oPitmhem highway near Harrison Dam; the
Adelaide River Fault which is sub-parallel to theu@s Reef Fault and terminates at the township
of Adelaide River; and the north-south trending Mio8hoebridge Fault which divides the
Adelaide and Margaret Rivers in the south of tharba
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F.2 Geology of the Finniss River Basin

F.2.1  Finniss and Reynolds River Catchments
The geology of the Finniss/Reynolds River catchneeoharacterised by a thin veneer of fine

grained Quaternary-aged alluvium on the river fidaahs, generally directly overlying
Proterozoic-aged geology. The divide between tleerivers is formed from laterite (ferruginised
unconsolidated sands), which is also characte$tioce northern part of the Finniss River
catchment. Proterozoic and Archaean-aged hardgeglogy outcrop in the upper reaches of the
rivers, with the geological structure forming tharth-south trending ridges.

The hard-rock geology comprises sandstone, gragrgégwacke, shale, slate and siltstones. There
are dolomites in the Arachaean-aged Rum Jungl&\tatdrhouse Complexes, which form the
headwaters of the Finniss and Reynolds Rivers.

The north-south trending Tom Turners Fault and Gi&eef Faults are present through the
catchment, but is generally subsurface beneathaheer of Quaternary sediments, however it
does outcrop through the older geology.

F.2.2  Blackmore and Darwin River Catchment
The catchment of the Blackmore and Darwin Rivamderlain by the Cretaceous sediments of the

Bathurst Island Formation, which are up to 80mklaitthe northern extent of the catchment. The
western margin of the catchment is formed by nedith striking deformed metasediments (shale,
siltstone and sandstones, with minor conglomewdtt)e Proterozoic-aged Finniss River Group.
The river valleys are filled with sands and graald the coastal plains are characterised by muds
and silts.

F.2.3 Howard and Elizabeth Rivers Catchment
The Howard and River and Elizabeth River catchnmeobaracterised by the thin veneer of

Cretaceous sediments overlying predominantly tiséelRvzoic-aged Koolpinyah Dolomite. The
surficial geology in the river valleys is charatted by Quaternary-aged gravel, sand and silt that
become finer-grained towards the river mouth.
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s Figure F-1: Geology of the Study Area (based on GIS  1:250,000 Geological map)
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F.3 Hydrogeology
The hydrogeological environment can be divided tato major units: the fractured rock aquifer
and the overlying sediments. Verma (2002) dividkesftactured rock environment into two broad
categories: calcareous and fractured weathered;rackl non-calcareous fractured and weathered
and intrusive rocks. The calcareous units tendat@ higher transmissivities which are related to
secondary porosity developed during the periodoofdeposition from 1800 to 225 million years
ago (Ma), when erosion of the carbonate surfacat@dekarstic topography (i.e. cavernous and
highly fractured) prior to the Cretaceous depositibis the hydraulic behaviour of the overlying
sediments which controls the supply potential &stiis unit which is initially recharged and from
which evapotranspiration occurs (Coatkal. 1998b). The veneer of Cretaceous sediments have a
high enough vertical permeability to transmit saefavater downwards (Pietsch and Stuart-Smith,
1987).

F.4 Aquifer Hydraulic Parameters
Groundwater resource investigations have been taider for the township of Batchelor (Jolly,

1982), the township of Adelaide River (Prowse, 1988 Lambells Lagoon area (Jolly and Yin
Foo, 1988) and the Finniss-Dundee Cox Peninsulaikmet al, 2003). Aquifer hydraulic
parameters from these investigations are summairniseable F-1 and show significant variation,
even on a local scale. This is typical of fractureck aquifers.

s Table F-1: Summary of Aquifer Hydraulic Parameters from Groundwater Resource

Investigations

2 b=}

c S < = o [

S Pz .0 o =

Tested © Region 23 gL g > o Reference

Lithology = Ex S £ < 3 =
S 0 £ n 3 o & =

I g o - 3

= %)

Unweathered Coomalie Lambells 1230to 3x10°to 4x10° to 0.1 Jolly and Yin
Dolomite Dolomite Lagoon 9000 10x107 15x10°° ’ Foo, 1988
Weathered Coomalie Lambells ) 4 4 Jolly and Yin
Dolomite Dolomite Lagoon 2x10 0.5x10 Foo, 1988
Cretaceous Blastlglrjl?t Lambells ) ) 0.06 10 0.15 Jolly and Yin
Sediments Formation Lagoon Foo, 1988

Interbedded Burrel . 5 5
Siltstone and Creek A%?\'/z?e 7 to 87 8)](_3'(20}0 7x10"to - Pliogvgze,
Greywacke Formation 2.3x10
Weathered Coomalie 6x107° to
Dolomite Dolomite Batchelor 370 to 2560 1.8x10° - - Jolly, 1982
Darwin Cox Knapton et
Sandstone Member Peninsula 4rto7s ) - ) al., 2003
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This information on hydraulic parameters was assigo each gauged streamflow catchment
based on the geology in each catchment. Thessuamnarised in Table F-3. For calculating
groundwater outflow, the Finniss River basin wag sgo three major regions, namely the
Reynolds River, the Finniss and Annie Rivers, drdremaining catchments to the north of the
Finniss River basin. The adopted transmissivitg generally within the middle of the
transmissivity range from the available literature.

m  Table F-2: Transmissivity values used in gauged str  eamflow catchments

Transmissivity Adopted
Catchment Subsurface Geology Range (m 2/d) Transmissivity

(m?/d)

8150018 Mount Partridge Group 500-2000 1250
8150027 Bathurst Island Formation 47-75 61
8150097 Finniss River Group 7-87 a7
8150098 Finniss River Group 7-87 a7
8150180 Finniss River Group / Rum 7-87 47

Jungle Complex

8170002 Finniss River Group 7-87 a7
8170005 South Alligator Group 7-87 a7
8170062 Finniss River Group 7-87 a7

8170066 Mount Partridge Group 500-2000 1250
8170066 South Alligator Group 7-87 a7
8170084 South Alligator Group 7-87 a7
8170085 Mount Partridge Group 7-87 a7
Adelaide basin n/a n/a 50
Reynolds n/a n/a 50
Finniss and Annie n/a n/a 50
Darwin, Corrawarra, n/a n/a 50

Elizabeth, Howard, King,
Leaders
Total Finniss basin n/a n/a 50
F.5 Water Levels, Potentiometry and Groundwater Flo  w

A limited water level dataset exists for the aréaterest, with monitoring bores generally
clustered in the vicinity of where previous res@uirtvestigations have been undertaken and where
there is existing extraction, namely: Adelaide Riw&atchelor Township, Acacia, Lambells

Lagoon, Middle Point and Rum Jungle. The locatiminthe monitoring bores are shown on Figure
F-1. The range of water level fluctuation in thenibaring bores is from 3 m to 11 m between the
dry season and the wet season. The shallowest lgagds can be artesian during the wet season
and during the dry season, the deepest water lavelsiore than 28 metres below ground level.
Bore Hydrographs are presented in Appendix G.
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Cross sections shown on the 1:250,000 Hydrogeabijlap of Darwin (DIPE, 2004) indicate that
the fractured rock aquifers are confined, as thedihg water levels are higher than the water
strike during drilling. These cross sections atsidate that the potentiometric surface shown is a
subdued reflection of topography. According toylalhd Yin Foo (1998) groundwater movement
in the Lambells Lagoon area is generally directechftopographic highs to lows and Prowse
(1983) indicated that groundwater flow is towars tiver.

In the absence of a potentiometric surface mapsafittient data to prepare one, it is initially
assumed that groundwater flow is ultimately from kigher ground around the Rum Jungle
complex towards the coast (north to south in Adel&iver basin and
Blackmore/Howard/Elizabeth/Darwin catchment; easti¢st in Finniss/Reynolds catchment),
with local flow towards the rivers. This is showiaglammatically on Figure F-2, which is based
on the digital elevation model (DEM).

This groundwater flow diagram relies only on thgitil elevation model and does not incorporate
local geology.

River gauge data indicate that streamflow ceasaragithe dry season in catchments 8150018,
8150097, 8150098, 8170085 and 8170062. These caithrare all at the headwaters of their
respective river basins, and the existing dataestgghat at some point close to the headwaters,
the streams change from gaining to losing at tiginbéng of the dry season.
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F.6 Conceptual Hydrogeological Model
A conceptual hydrogeological model has been deeelayhich covers the entire study area. The
basis for a single model for both river basinda the on the broad-scale, underlying aquifers ove
the study area remain consistent.

The study area is characterised by a monsoonahesesystem, with wet summers and dry winters.
In the wet season, the floodplains are inundateateYlevels vary by up to 10 m between seasons.
On the floodplains the water level is approximateiy below ground level during the dry season
and the floodplains are inundated during the wasase.
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The vegetation is typical of a savannah, with gardus grass coverage and a discontinuous tree
canopy. There are some swamps which are likelgtgroundwater dependent. Tree water use is
related to the mean annual rainfall and is consigteoughout the year, hence either the woody
vegetation is groundwater dependent or sufficiestewremains in the unsaturated zone during the
dry season that tree water use is not limited. Uriderstorey comprises grasses which senesce at
the beginning of the dry season. Understorey Ebisidered to be groundwater independent, as
water levels during the dry season are likely todmedeep for grass species to access.

The study area can be divided into two surface masins: the Adelaide River Basin and the
Finniss River Basin. The watertable is consideoeoet a subdued reflection of topography, hence
groundwater divides are expected to be coincidétht tive river basin boundaries. The implication
of this model is that there will be negligible latesubsurface movement of groundwater between
the basins. There is a seasonal change in thaotitan between surface water and groundwater
and in the upper reaches of the basins the strammephemeral but become perennial at lower
elevations where they are sustained by groundviridterv during the dry season.

The geology consists of fractured Proterozoic ramlerlain by a wedge of unconsolidated fine to
coarse grained Cretaceous sediments. On the fl@ogdpnd in the drainage lines there is a thin
veneer of Quaternary-aged fine-grained alluvialo$#p. The fractured rocks and the overlying
sediments are considered to be the main hydrogealagnits as recharge is either directly into the
fractured rock or via infiltration through the sedints. Recharge occurs through vertical
infiltration of rainfall, with the fraction of rafiall entering the groundwater system as recharge
related to the underlying geology.

Groundwater extraction is generally from the unoomity between the Proterozoic basement and
Cretaceous sediments where there was the developigignificant secondary porosity,
particularly in the dolomites. The unconsolidateét@ceous sediments provide water storage,
which drains into unconformity. It is likely thdidre is a high degree of connection between the
aquifers and the streams, with groundwater extra@lready impacting on streamflow records.

Water quality is poorest (>1000 mg/L TDS) whereahavial sediments are seasonally inundated
on the coastal and estuarine plains and is betsteomtervening drainage divides and where the
fractured rocks aquifer outcrops.

F.7 Groundwater Extraction
Groundwater is extracted for town water supplygation and stock and domestic use. Limited
groundwater extraction data is available for thelgtarea due, in part, to there being no general
requirement for extraction bores to be licenset sonot possible to determine groundwater
extraction for individual catchments from readilsadable data. Estimated groundwater extraction
data has been sourced from the Australian Natwab&ces Atlas, and is based on the National
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Land and Water Resources audit data from 1996 (ANR6). The atlas indicates that this data
has been derived from a number of different methocsding the use of licencing systems,
information provided as part of the Australian Bauef Statistics water account (with provider
consent) and other information gathered from tlaéeSdind Territory water agencies. In some cases
water use was assumed to be the same as theialtoc@hese figures should therefore be regarded
as a coarse estimate only. The available grouraveatraction data is summarised in Table F-3.
The volumes from the 1996 audit are within the emofjThe National Land and Water Resources
Audit of 2006, which estimates extraction covenngst of the study area is in the range 10-100
Gl/year (AWR, 2006).

s Table F-3: Estimated Groundwater Extraction in the Study Area (ANRA, 2006)

Location Volume (ML/year)
Berry Springs Dolomite 4,761
Koolpinyah Dolomite 18,920
Proterozoic Sedimentary (Adelaide River) 17,048
Total 40,729

Groundwater extraction is generally from the unoomity between the Proterozoic basement and
Cretaceous sediments where there was the developisignificant secondary porosity,
particularly in the dolomites. The unconsolidatadt@ceous sediments provide water storage,
which drains into the unconformity during pumpimgs. comm. D Yin Foo, NRETA, 2006).

To assess the likelihood of groundwater extraagtiguacting on baseflow, an analytical model was
compiled using the Jenkins (1968) equation. Thgeaft aquifer parameters from the Adelaide
River and Batchelor groundwater resource investigat(Prowse, 1983; and Jolly, 1982,
summarised in Table F-1) were modelled, using tadie of 500m between the bore and the river,
and an extraction rate of 1 ML/day pumped contirslyptor 365 days. Results of this analysis are
shown in Appendix H.

The results indicate at Adelaide River township¢hgould be depletion in excess of 50% of the
pumping rate within the first ten days of pumpingler most scenarios, with this time extending to
a maximum of 40 days. Under all scenarios, thergldvbe streamflow depletion of in excess of
80% of the extraction rate within the first yeareatraction.

At Batchelor Township, streamflow depletion ranffesn 100% of the extraction rate within 50
days of the commencement of pumping to a minimupr@pmately 90% at the end of the first
year.

The assumptions for the Jenkins equation are syl
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1. Transmissivity does not change with time. Thusafavater table aquifer, drawdown is
considered to be negligible when compared withfaqthickness;

2. The temperature of the stream is assumed to beacdrand to be the same as the
temperature of the water in the aquifer;

The aquifer is isotropic, homogeneous, and seriitefin areal extent;
The stream forms a straight boundary, and therstfally penetrates the aquifer;
Water is released instantaneously from storage;

The well is open to the full saturated thicknesthefaquifer

N g

The pumping rate is steady during any period of pinm

The hydrogeology across the study area does rislystitese assumptions as the aquifer is not
isotropic and homogeneous and neither the strearthaavell would fully penetrate the aquifer.
The storage values, as well as water level dataiadBcate that the aquifers from which extraction
is occurring are likely to be at least semi-cordin&lthough the modelling did indicate that
groundwater extraction will impact on streamflotisiexpected that the time lag would be longer
than predicted due to partial penetration and teegnce of the aquitard. However, as much of the
groundwater extraction, especially for town watgu@y, commenced in excess of 20 years ago, it
is expected that the gauging records will alreaglynipacted by the extraction.

F.8 Groundwater Outflow
The fractured rock aquifer system extends beyoadtundaries of the study area. Although
surface water catchment boundaries do not nechssariespond to groundwater flow boundaries
(Cook, 2003), in the absence of a potentiometnifase map it is initially considered that the
groundwater divides are coincident with the margihthe river basins. This conceptual model
suggests that there will be limited lateral grouatkr movement between adjacent river basins,
however there will be groundwater outflow downgesdithrough successive catchments and
eventually discharging offshore. The differencensen the amount of groundwater flowing into
the catchment and the amount leaving the catchim@gual to the groundwater outflow.

The amount of groundwater outflow is related totth@smissivity of the aquifer and the hydraulic
gradient and can be calculated using Darcy’s Lalickvcan be written as follows:

Q=-KiA orQ=-TiL

Where: K = hydraulic conductivity of the aquifer
i = hydraulic gradient
A = cross-sectional area
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T = transmissivity of the aquifer = K * aquiferi¢thness
L = aquifer width

The negative value would indicate that there islthsge from the system, however for this
analysis, because groundwater flow paths are asbktorfellow topography, there is no
groundwater inflow from adjacent catchments. Alifjio horizontal groundwater flow rates can be
estimated in a fractured rock environment usingciarLaw, the large variability in hydraulic
conductivity adds a large degree of uncertainthéoestimates (Cook, 2003).

A range of transmissivity values have been detezthifuring previous groundwater resource
evaluations, as provided in Table F-1. Transmigsignges were applied to each catchment based
on the catchment geology and its geological siityléao the area in which the pumping was
undertaken. The range in height of the catchmastabtained from the DEM and the length over
which the gradient was calculated was the longssarnte parallel to the expected groundwater
flow direction in that catchment. The aquifer widtas assumed to be the maximum width of the
catchment on the down hydraulic gradient directp@rpendicular to the general direction of
groundwater flow.

The sensitivity of the calculation of subsurfacectiarge to these input parameters was
investigated. The input parameter with the greaessitivity was the transmissivity and as such
was regarded as a flexible parameter within thgeampreviously specified in Table F-1. It was
found that an hydraulic gradient equal to the topphic gradient or 10% of the topographic
gradient resulted in the same net daily outflownim/day. Doubling or halving the aquifer width
resulted in doubling or halving the outflow ratdyowhere there was a high transmissivity
(catchments 8150018 and 8170066).

Calculations of the subsurface outflow are sumredria Table F-4, which indicates significant
groundwater outflow from catchments 8150018, 8180 8170084 and negligible outflow
from remaining catchments. It has been assumedhtbamount of subsurface outflow is
proportional to the number of days in each of tle¢ and dry season (150 and 215 days
respectively).
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Table F-4: Initial Estimate of Net Subsurface Disch

arge from Each Catchment

Down

Catchment grDacc)i\iAgr]]t Hydraulic gaigg;g;t Wet season Dry season

Elevation catchment Gradient width groundwater groundwater

range (m) Length (m) (m/m) (m) outflow (mm) outflow (mm)
8150018 76 10500 0.007 3500 50 72
8150027 119 19500 0.006 8000 3 5
8150097 79 12000 0.007 4000 3 4
8150098 77 18000 0.004 5000 1 1
8150180 219 36000 0.006 15000 1 1
8170002 205 30000 0.007 15000 1 2
8170005 146 28000 0.005 9000 1 1
8170062 143 6000 0.024 1500 6 9
8170066 97 5500 0.018 1500 59 85
8170066 227 20500 0.011 14000 2 3
8170084 45 3000 0.015 3000 29 41
8170085 250 140000 0.002 30000 0 0

F.9 Actual Evapotranspiration

Long-term average actual evapotranspiration dataextracted from the Bureau of Meteorology's
GIS layer of the Climatic Atlas of Australia andsisown in Table F-5. All figures are a catchment
weighted average value. Actual evapotranspirai@alculated for these layers using Morton’s
complementary relationship (Wang et al. 2007), Wisitates that:

-2 %
ETareaIactuaI'" ETpointpotentiaI— 2 ETareaIpotemiaI

Where:

ETarealactalS the evapotranspiration that actually takesepfamm an area so large that the
effects of any upwind boundary transitions are igége and local variations are integrated to
an areal average.

ETpoinotentiallS the evapotranspiration that would take pla¢kafe was an unlimited supply of
water from an area so small that the local evapspigation effects do not alter local air mass
properties. This is calculated by the Bureau ofddmlogy by simultaneously solving energy
transfer and mass balance equations using a coestargy transfer coefficient.

ETareapotentialS the evapotranspiration that would take plathafe was an unlimited supply of
water from an area so large that the effects ofugowind boundary transitions are negligible
and local variations are integrated to an arealaae= This is calculated by the Bureau of
Meteorology using the Preistley-Taylor equationhwitodification to allow for advection.
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Wang et al. (2007) note that “Morton’s estimatesnefan annual areal actual evapotranspiration
gave good spatial trend but were not accuratesolate values”. As a result Wang et al. (2007)
made adjustment to the dataset based on annual &dtestimates for 77 large catchments in 9
climate zones across Australia. These adjustnieciteded constraining annual areal actual
evapotranspiration to be not greater than annirgflath This particular check does not appear to
have been carried out by Wang et al. on a monthgeasonal time step, which is particularly
relevant for tropical regions because of the starkrast in water availability in the dry and wet
seasons. Dry season evapotranspiration from theaBlwof Meteorology is greater than the dry
season rainfall.

= Table F-5: Long-term average actual areal evapotran  spiration

Actual areal evapotranspiration from
Catchment Bureau of Meteorology

Wet season Dry season Total
(mm) (mm) (mm)
8150018 573 501 1074
8150027 568 487 1055
8150097 562 463 1025
8150098 561 471 1032
8150180 557 448 1005
8170002 551 416 967
8170005 554 429 983
8170062 553 411 964
8170066 558 450 1008
8170084 553 422 975
8170085 569 489 1058
Adelaide River Basin 565 463 1028
Finniss River Basin 557 464 1021

F.10 Groundwater Evapotranspiration
For this study total evapotranspiration was sptib ievapotranspiration sourced from groundwater
and evapotranspiration from the land surface aedittsaturated zone. In order to understand
these two components, the differing evapotranspimatates from woody vegetation and the
understorey need to be estimated as they havéeaethit degree of access to groundwater.

Hutley et al. (2001) undertook a study of evapotranspiratiosasannah vegetation in northern
Australia at three locations of increasing distafinom the northern coastline representing high
medium and low rainfall sites, i.e. Howard Sprifgg50 mm/year), Katherine (890 mm/year) and
Newcastle Waters (520 mm/year). Note that theséathtotals used in Hutley et al. (2001) are
over a different assessment period to those usgusistudy from the Bureau of Meteorology, for
which rainfall at Howard Springs is approximate§60 mm/yr. The alluvial plains in the study
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area for the current study are characterised grseh vegetation (continuous grass cover and
discontinuous tree cover), and based on rainfaiihmslar to the conditions at Howard Springs,
which is located 35 km south of Darwin in the FemRiver basin.

Cook et al. (1998b) undertook an earlier broad-rangtudy in the Howard River catchment,
which included consideration of evapotranspiratidine composition and structure of the
vegetation was relatively homogeneous across thily strea and was typical of the more elevated
geomorphic zones, with eucalypt woodland (predomntigdEucalyptus miniatandE. tetradonta

the dominant vegetation type and small areas oénbapk swamps and rainforests in the wetter
patches. The understorey consisted of speargrags) @ied back during the dry season.

These two studies provide alternative views on etrapspiration from similar locations, as shown
in Table F-6. It can be seen in both cases tla¢vapotranspiration from the understorey during
the dry season is roughly the same proportion &)®¥the evapotranspiration from woody
vegetation. The relationship between evapotraaspir from these two vegetation types in the wet
season however differs markedly, primarily due tdléy’s much lower evapotranspiration rate
from woody vegetation during the wet season. Butimors found that the majority of
evapotranspiration was from the understorey dutiegvet season and from woody vegetation in
the dry season.

»  Table F-6: Comparison of evapotranspiration in the Howard River area from previous

studies
Item Hutley et al. (2001) Cook et al. (1998b)

Annual evapotranspiration (mm) 855 1110
Total wet season evapotranspiration (mm) 510 810
Wet season evapotranspiration from woody vegetation (mm) 135 373
Wet season evapotranspiration from understorey (mm) 375 437
Wet season understorey evapotranspiration as a proportion of 278 117
woody vegetation evapotranspiration ) )
Total dry season evapotranspiration (mm) 345 300
Dry season evapotranspiration from woody vegetation (mm) 195 175
Dry season evapotranspiration from understorey (mm) (and

o 150 125
percentage of total dry season evapotranspiration)
Dry season understorey evapotranspiration as a proportion of 0.77 0.71
woody vegetation evapotranspiration ) )

Hutley et al. (2001) provides a relationship betwesnfall and evapotranspiration from woody
vegetation or understorey vegetation. This retestiip is based on tree density being less in lower
rainfall areas. The relationship is shown in FigEr3 for both the wet and dry season. It can be
seen from this figure that over the relatively dmaihfall gradients of the study area (1400-1550
mm, which would equate to roughly 1600-1750 mmiguFe F-3), there is little variation in

woody vegetation evapotranspiration as a propoufdntal evapotranspiration. Hence it is
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reasonable to assume a constant seasonal relapidretiveen evapotranspiration from woody
vegetation and understorey vegetation. The reiship derived by Hutley et al. (2001) for

Howard Springs was used throughout the AdelaideFamuiss River basins, which was that
evapotranspiration from woody vegetation is 26%otdl evapotranspiration during the wet season
and 47% of total evapotranspiration during thes#rgson.
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s Figure F-3: Variation of evapotranspiration from wo ody vegetation with annual rainfall
(adapted from Hutley et al., 2001)

The next part of the analysis involves estimathmgdegree of access of each vegetation type to
groundwater. Hutlegt al (2001) found that tree stand water use was conteoughout the year
despite the monsoonal water availability, sugggdtnat the trees are able to extract water from the
water table throughout the year. Cook et al. (8988 ggests that woody vegetation did not depend
on groundwater during the dry season, but not€oiok et al. (1998b) that groundwater may be
accessed by woody vegetation during times of drouBloot depths of up to 10 m have been

found, but root density decreases significantlyhwdépth. On the basis of these previous
assessments, it is assumed for this study that 1@%ét season evapotranspiration from woody
vegetation is sourced from groundwater and that 608lsy season evapotranspiration from woody
vegetation is sourced from groundwater, with threaimder coming from the unsaturated zone.

Cooket al (1998b) found that at the beginning of the digsem, soil moisture and transpiration
from the understorey resulted in an increased aadipa rate, following which the tree canopy
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transpired at a relatively constant rate throughioeiremainder of the dry season. It was inferred
that by the end of May, evaporation was almost detaly evapotranspiration from woody
vegetation, and suggested that the woody vegetataynbe sustained by water in the unsaturated
zone during the dry season. On this basis, itagasamed that understorey evapotranspiration
occurred from groundwater in the wet season onilh all evapotranspiration in the dry season
being sourced from the unsaturated zone. It isnasd during the wet season that the water table
is close to the natural surface (ie within a metrgo) and hence both transpiration by woody
vegetation and evaporation from very shallow groustér will be high. However during the wet
season the distinction between the unsaturatedammhéhe fully saturated zone (ie groundwater)
becomes less clearly defined.

The proportion of woody vegetation was calculatsitigi a vegetation coverage grid supplied by
the Australian Greenhouse Office. It is not posstbldetermine the nature of the woody
vegetation from this data to determine the aretdréof groundwater dependent ecosystems.
Consistent with the definition of a savannah, tleaaf understorey used was equal to the total
catchment area. A summary of estimated evapotratism based on the above approach is
contained in Table F-7 and Table F-8. It shouldhbied that the dry season evapotranspiration
from the unsaturated zone was restricted by thitadol@ rainfall after allowing for recharge to
groundwater.

= Table F-7: Estimated wet season evapotranspiration

Wet Season Wet Season Wet season Wet season
Catchment Woody ET Understorey groundwater unsaturated
(mm) ET (mm) ET (mm) zone ET (mm)

8150018 149 424 573 0
8150027 148 420 568 0
8150097 146 416 562 0
8150098 146 415 561 0
8150180 145 412 557 0
8170002 143 408 551 0
8170005 144 410 554 0
8170062 144 409 553 0
8170066 145 413 558 0
8170084 144 409 553 0
8170085 148 421 569 0
Adelaide River Basin 147 418 565 0
Finniss River Basin 145 412 557 0
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s Table F-8: Estimated dry season evapotranspiration

Dry Season Dry Season Dry season Dry season
Catchment Woody ET Understorey groundwater unsaturated
(mm) ET (mm) ET (mm) zone ET (mm)*

8150018 235 266 118 238
8150027 229 258 114 242
8150097 218 245 109 221
8150098 221 250 111 235
8150180 211 237 105 232
8170002 196 220 98 262
8170005 202 227 101 244
8170062 193 218 97 254
8170066 212 239 106 223
8170084 198 224 99 251
8170085 230 259 115 249
Adelaide River Basin 218 245 109 228
Finniss River Basin 218 246 109 231

*limited by dry season rainfall minus recharge
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Appendix G Groundwater bore hydrographs

Bore Hydrographs: Acacia
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Middle Point Bore Hydrographs
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Lambells Lagoon Bore Hydrographs - Selected
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Appendix H Groundwater extraction impacts on

streamflow

H.1 Adelaide River Township
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H.2 Batchelor Township
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