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resources, ranging from policy leadership to orground delivery in consultation with government, industry
and communities.

High-quality science and effective monitoring provides the foundation for the successful management of
our environment and natural resources. This is achieved through undertaking appropriate research,
investigations, assessments, monitoring and evaluation.
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Landscape Boardsand the community ensures that there is continual capacity building across the sector,
and that the best skills and expertise are used to inform decision making.

Ben Bruce
CHIEF EXECUTIVE
DEPARTMENT FOR ENVIRONMENT AND WATER
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The Water Allocation Plan (WAP) for the Marne Saunders Prescribed Water Resources Area (PWRA) is
currently under review. Hydreecological investigations were undertaken by the Department for
Environment and Water (DEW) to inform the review being led by thrraylands and Riverland Landscape
Board. A component of the investigations includes the assessment of longerm rainfall and streamflow
trends across the PWRA. This technical report presents the methodology and results of analyses of rainfall
data across the PWRA and streamflow observations in the Marne and Saunders surface water catchments.

The scope of this investigation is to inform the review of the WAP by identifying if:

m I ¢RUNncGOAWY ql Be¢andVYs We Wl alayénhr | W 16 Jd RIW G tLLEGRCGHLaHIH 11
Millennium Drought (drought) (1997 to 2008) and if they have recovered to pieought conditions (pre-
1996) during the postdrought (2009 to 2024) periodand

n streamflow volumes and flow patterns during the postWAP development period (2004 to 2024) were
different from those used to develop the WAP (1974 to 2003).

The investigation includes analyses of historical rainfall and streamflow records: (a) for different climate
periods (pre-drought, drought and postdrought) and different planning periods (WAP development and
post-WAP development); and (b) at different tim scales (decadal, annual, seasonal, monthly and daily (for
streamflow)).

Rainfall: Rainfall analysis from 1900 to 2024 across fivBureau of Meteorology stations in the PWRA, with a
focus on Mt Pleasant and Keyneton, revealed statistically significant loaterm declines in annual, spring,

and October rainfall. Step changes were evident between preand post-drought periods, particularly in

spring, autumn, and late wintemrspring rainfall (August to October) with shifts observedh spring (October)
between the WAP development and posWWAP development periods. Postdrought recovery has been
limited with median post-drought spring rainfall being the lowest amongst the three drought comparison
periods¢ UT WHGCHt RNRUI Wet WhoWqWagYW! WAY2J! Kk AWs 6 RGJWs RU
b qeqRYUY WRUW@q6WWhACGCI qRETT! W WHRY21I1 DT K WHEqUINYI! ! OWS
rainfall with spring and autumn (to a lesser extent)showing the most pronounced longterm and post-
drought changes.

Streamflow: Streamflow analysis across three droughirelated periods and two WAP development periods
reveals a significant and ongoing decline in catchment flows since the Millennium Drought in the Marne River
catchment. Annual streamflow metrics T including median, mean, and maximum flowsr were substantially
48% lower during the drought compared to pralrought years, with postdrought and postWAP flows
declining even further by 84% and 88%, respectively. Median winter and spring flows, which contribute t
most of the annual streamflow, dropped sharply during the drought and fell to zero postrought. Monthly
and daily data confirm widespread reductions, with all months recording zero median flow posirought and

a more than 60% decline in flowing days pegrear. These changes reflect a major shift in the flow regime, with
streamflow levels remaining lower than both predrought and drought periods, indicating that the catchment

is yet to recover.

Rainfall -runoff response: Rainfalltrunoff analysis for the Marne River catchment from 1974 to 2024 reveals
a significant and lasting shift in catchment response across three droughtelated periods. The analysis
shows reduced runoff generation during the drought compared to prerought years with a further decline in
the post-drought period. This persistent change suggests a shift in catchment behaviour rather than a return
to pre-drought conditions. While farm dam expansion in the 1990s likely contributedo reduced runoff
during the predrought and drought periods, the continued decline, despite slightly higher postirought
rainfall, points to changes in rainfall patterns as the primary driver, with no significant changes observed to
other drivers e.g. laml use. Similar shifts observed in neighbouring catchments, in the Barossa and Mount
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Lofty Ranges PWRAs, support the conclusion that the Marne River catchment has undergone a broader
regional hydrological change since the Millennium Drought.

In conclusion , the findings of this investigationT the combined effects of declining rainfall, reduced
streamflow, and a shift in rainfalirrunoff response since the Millennium Droughtr provide strong evidence
of long-term and ongoing hydrological change in the Marne Saunders PWRWhilst not part of this
investigation, such changes in the surface water system are likely to be replicated in the groundwater
systems in this PWRAThese changes have important implications for the review of the Water Allocation
Plan, particularly in ensuring that environmental \ater requirements and sustainable extraction limits
reflect current and emerging catchment conditions. Continued monitoring and further investigation will be
essential to determine whether the observed shifts are permanent or part of a prolonged adjustment phase,
and to guide future planning under a&hanging climate.
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The Water Allocation Plan (WAP) for the Marne Saunders Prescribed Water Resources Areas (PWRA) is
currently under review. Hydreecological investigations are beingundertaken by the Department for
Environment and Water (DEW) to inform the review, which is being led by the Murraylands and Riverland
Landscape Board. This technical report presents a review of rainfall and streamflow observations in two
surface water caichments in the PWRA, the Marne River and the Saunders Creek catchments.

As part of the review, a series of scientific investigations were undertaken to improve understanding of the
behaviour of the water resources in the PWRA. Of particular importance is selecting an appropriate climate
period, as the two fundamental metrics h establishing environmentally sustainable extraction limits in a
plan T the resource capacity and the environmentally critical flow regimer vary based on climate period.
Historically, such selections were generally based on the longest period of rainfalind streamflow data
available with rainfall records spanning from the early 1900s and streamflow records from the late 1960s.
The current WAP was developed using streamflow data from 1974 to 2003. Resource capacity was then
guantified to be the average anual flow for the period with the impacts of development removed through
modelling.

N6UJW=MNoWi AWRUAG2T IT WelOWett tt alUqUWYnWaé WWHE GEe HRa
meet the various current and future demands and policies and principles for allocation and transfer of water.

The WAP also identified the needs of wataitependent ecosystems and the impacts of development on

these needs by establishing environmental water requirements (EWRs) and Environmentally Sustainable
Extraction Limits (ESEL).

Surface water resource capacity for the Marne Saunders PWRA is defined as the ldegn mean winter
runoff with the impacts of development (that is, farm dams andvatercourse extractions) removed through
modelling. The choice of climate period used for calculating resource capacity, or in fact for establishing
EWRs or ESELs, is less critical if the lortgrm climate follows a stable pattern. Given the highly varialgl
recent climate and uncertain future climate T with climate projections indicating a drying climate into the
future T choosing an appropriate climate period becomes more critical when reviewing and amending plans
that were developed using climate data frsm many decades ago.

The recent Millennium drought, spanning from 1997 to 2008, was a major climate event observed across
Australia. It is considered to have had a major impact on water resources across the country (CSIRO 2010).
Numerous studies into the impact of the droughhave since been undertaken, researching the rainfatunoff
responses of catchments pre and post-drought (Chiew et al. 2014; Peterson et al. 2021; Fowler et al. 2022;

Saft et al. 2015). Results of the studies showed that, in some areas, the ability of atchment to generate

runoff from a given amount of rainfall postdrought had recovered to predrought conditions, while in others
RQWIRqS I W RT Uk ql WEY21J1 AWY! Wgs3WNUIUWI ¢qRYUWYn W 20
and Planning (DEWP) 2020).

The practice of using historic average annual flows to establish the resource capacity has been reconsidered
under the context of a changing climate, uncertainties around future climate, and their implications to
rainfall-runoff responses, including nonstationarity. Recent investigations of historical water resources that
informed the review of the Barossa WAP (Savadamuthu et al. 2023) and the eastern and western Mount Lofty
Ranges WAPs (Savadamuthu and McCullough 2024) showed evidence of a possible shifiainfall patterns

t RURUDWaqS6 DWAHWNRUURUNWY N Waqd6 WW~RaGGIUURe Grumdfi résoisé andl W e U
environmentally significant flow regimes.
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The purpose of this project is to support the review of the Marne Saunders WAP by identifying if:

n rainfall, streamflow, and their relationship patterns (rainfallrunoff response) have changed during the
Millennium drought (1997 to 2008), and if they have recovered to parought conditions (pre-1996)
during the postdrought period (2009 to 2024)

n rainfall and streamflow patterns, and the relationship between the two for the posiWWAP development
period (2004 to 2024) are different from those used to develop the WAP (1974 to 2003).

The resource capacity (considered to represent the longerm average annual runoff in the absence of water
resource development) and overall flow pattern are major inputs into determining WAP policy. If resource
capacity and flow patterns have substantialy changed in response to different climate through the drought
and post-drought periods, then the assumptions and rules of the WAP may not have been effective in
meeting the objectives of the WAP during the implementation period. If this is the case, andah changes

to climate and runoff are expected to continue in the future, then the WAP should be amended to allow it to
be effective in meeting its objectives.

The selection of an appropriate climate period that accounts for a potentially changing climate is essential
to establish surface water resource capacity and environmental water requirement flow regimes for this
area, if the WAP is to be amended. This teaital report investigates changes in rainfall and streamflow in
the Marne River and Saunders Creek catchments which will support the selection of an appropriate climate
period(s) to underpin WAP policy, if amendment is needed.
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Rainfall and streamflow recordsfrom the two surface catchments, the Marne River and the Saunders Creek
(Marne Saunders), within the PWRA were analysed.

22.A¢RUncaoawt Raquwt WaWHqRYU

Daily rainfall observations across the selected catchments were retrieved from the SILO database which is
managed by the Queensland Government. These climate data, which include daily rainfall, are based on
historical climate data provided by the Bureau oMeteorology (BoM). The longerm climate period chosen

for this investigation was 1900 to 2024. There are many BoM rainfall monitoring stations across the PWRA
but only a small subset has data that were recorded at the BoM stations from 1900 onwards andtrnfilled
(that is, estimated).

221.?2¢qc¢WhectdRq! WeUT Wet ¢HRGRq! W

The SILO Patched Point Dataset is a collection of daily climate data sets for BoM observation stations that
extends original BoM measurements back to 1889 with missing data infilled using interpolated values
(Jeffrey et al. 2001). There are many stationstiv daily rainfall data in the SILO database with a wide range

of stations showing varying proportions of data having been interpolated.

A data quality code is assigned to each daily climate variable in a SILO series indicating the source of the
data. A quality code of O represents statiofrecorded data, as provided to the SILO database by BoM. Among
other codes used by SILO, a quality codef 15 represents deaccumulated values from interpolated data
and 25 represents interpolated daily observations.

To investigate the spatial and temporal variability in historic rainfall across the Marne Saunders, BoM
stations having rainfall recorded for more than approximately 85% of days since the station opened were
assumed to provide the most reliable data and usful description of long-term variability. As such, rainfall
data for SILO sites across the selected catchments were analysed to identify operational sites that have the
least infilled rainfall data (that is a quality code of 0 for more than 85% of days)rfthe period 1900 to 2024.
Where such sites were not available, sites from neighbouring catchments with similar rainfall
characteristics were chosen for analysis.

23. Eql WedndVYs Wl ¢cageclwt BDGaWHGRYU

2¢RO! W ql WedmnmdVYs W YL THWs I DWYAqe¢ RUOWT Wnl YO Wadé JWEY
surface water monitoring stations in the Marne Saunders catchments. The stations and periods of records
used in this analysis were the following.

n Marne River at Marne Gorge (A4260529 (192803) and A4260605 (2002024), daily streamflow data
available from 1974 to 2024.

n Saunders Creek in Gorge (A4261174), daily streamflow data available for 2010 to 2024.
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Daily rainfall and streamflow records were analysed in various forms, including annual, seasonal, and
monthly totals; long-term medians; long-term trends; ¢ UT Waq6 DWW+ qUWUqWYn W D2R¢ qRY
total from the long-term median.

The annual streamflow for each gauging station can be expressed as a percentile (or decile) with applicable
descriptive category as shown immable2.1. These categories are consistent with categories used by the BoM
to define surface water resources.

Table 2.1. Streamflow percentile/decile categories as defined by the BoM

Decile Percentile Description

N/A 100 Highest on record

10 90 to 100 Very much above average
8 and 9 70 to 90 Above average

4,5, 6and 7 30to 70 Average

2and 3 10to 30 Below average

1 0to 10 Very much belowaverage
N/A 0 Lowest on record

In addition to reviewing annual streamflow, a further approach to investigating recent changes in the flow
response and flow regime is through an analysis of the distribution of daily flow. Flow duration curves
present the range of daily flow observations (generally on a logarithmic scale) as probability of exceedance
curves.

Rainfall observations were analysed within two sets of key periods to investigate the likelihood of significant
change in recorded rainfall during recent years, and subsequent change in the volume of streamflow
recorded. The 2 key periods were defined byhe¢ periods used in the development of the WAPs and the

Millennium drought. More specifically, hydrological data were analysed across the following subsections, in

addition to all years on record (1900 to 2024) those being:

n WAP development (1974 to 2003);

n Post-WAP development (2004 to 2024);
n Pre-drought (1900 to 1996);

n  Millennium drought (1997 to 2008);

n Post-drought (2009 to 2024); and

n Drought and postdrought (1997 to 2024).

It should be noted that the WAP development and posiVAP development periods are planning periods that
overlap climatic periods. The relevance for the WAP review is the analysis of hydrological data that were
used to develop the WAPs, what has been obserden the period since the development of the WAPs, and
what may happen in the future. This analysis has investigated hydrological responses at both climate and
planning periods, compared across the climate periods to establish whether there is evidence farclimate-
driven difference, and then compared across the planning periods to see if those different climate periods
have resulted in changes in resource capacity and flow patterns in the planning periods.

Through analysing hydrological data over these periods, particular years were chosen as points of potential
climatic deviation. First, 1997 was representative of the start of the Millennium drought and may represent
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the start of a period of altered climate conditions in Marne Saunders. Similarly, 2008 represents the end of
the Millennium drought with 2009 representing the start of a further period of altered climate conditions
(post-drought). 2003 represents the conalision of the period used for the development of the WAP, and the
period since then was chosen to assess whether the climate and rainfatlunoff responses were altered
during the postWAP development period.

In addition to these analyses, box and whisker plots were used to assess the distribution of these data and
their skewness by displaying the data quartiles (or percentiles) and averages. Box plots generally show the
5-number summary of a set of data, inclding the minimum value, first (lower) quartile, median, third (upper)
guartile, and maximum value. The distance between the upper and lower quartile (also the size of the box)
is known as the Interquartile Range (IQR). Outliers may also be shown, which kaelatively large or small
values relative to the rest of the data set (that are more than 1.5 times the IQR from the quartile values).

Figure2.1 (from Massart et al., 2005) shows representative box plots for 6 datasets that exhibit: (a) small
dispersion; (b) large dispersion; (c) middle clustering (with long tails); (d) middle clustering based on a
bimodal distribution; (e) upward skewness; and (flownward (negative) skewness. An example of upward
or positive skewness is shown irFigure 2.1(e) where the median is shifted toward the lower portion of the
box with a wider range of observations in the upper quartile as compared to the lower quartile. The opposite
is true inFigure2.1(f), which is an example of downward or negative skewness. Knowledge of skewness tells
the user whether deviations from the median are more likely to be positive or negative.

SERTY

small dispersion, large dispersion, middle clustered, middle clustered upward (positive) downward (negative)

Values

rero skewness 1ero skewness long tails, rero (bimodal), short tails, skewness skewness
skewness rero skewness

(a) (b) (c) (d) (e) (f)

Figure 2.1. Examples of box plots (after Massart et al. 2005)

25. ADHY21J1 | Wt gqécaet WHEqUNY! RIJE

To obtain a PWRA H¢ 0 WWGRHge | DWYnWaqd JWh T WHY 211 ! & Wpost-crought WY n L
period (2009 to 2024), the stations were grouped into the following categories by comparing the pafbught
median to drought and predrought period medians.
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n Fully recovered: Rainfall/streamflow was considered to havétully recoveredbl 5 1J g aptJd Stptiok
where the postdrought median was greater than both the drought and prdrought period medians. This
also implies that the postdrought period was the wettest amongst the three comparison periods.

n YettorecoverA¢ RUnciddot ql DeGnidVYs Ws ¢t WrRYU RT I T WhH o Kallg®
drought median was less than both the drought and prelrought period medians. This also implies that
the post-drought period was the driest amongst the three compariso periods.

m Ac¢cl qReTd! W PEY211 BT aWAc¢RUncadot ql DedndVYs Wset WRYU
the post-drought median was greater than the drought period median but lower than the prdrought
period median.

26. Ac R@naW¥in nwWwl 3t GYUt 1

The runoff generated from a catchment is dependent on a combination of the quantity (and intensity) of
rainfall and characteristics of the catchment, including topography, soil type and depth, land use and
interception. The relationship between rainfall ora catchment area and the runoff generated from ittat is,
the frainfall-runoff response) can be described with various methodsFor the purposes of this report a
visual inspection of annual rainfall and streamflow is used

Rainfall-runoff relationships, once developed from historic data, can be a useful tool to estimate and/or
predict runoff that could be expected for a specific quantity of rainfallStreamflow recorded at a monitoring

gauge (and measured in volumetric terms, such as megalitres, ML) can also be expressed as runoff depth
(measured in millimetres, mm), by dividing flow by the catchment area upstream of a monitoring gauge. The

ratio of runoff depth to rainfall provides an indication of the proportion of rainfalthat enters the watercourse
ctWtel neHPIWNGYs OWNS W ¢ qRYWYnWl 20Ynn W IJGargetliandfil q Y q
coefficients are observed in areas with low infiltration and high runoff (urbanised areas, for example) and
lower values for high infiltration and low runoff areas (forests, for example). Runoff coefficients are generally

a good indicator ofcatchment yields, and they describe the efficiency of a catchment in generating runoff

from rainfall.

The generalised relationship between annual rainfall and runoff depth can also be explored through the
calculation of a relationship using the hyperbolic tangent function known as a TanH curve. Boughton (1966)
first described the use of the TanH curve to mdel the relationship between measured rainfall and runoff
and this was later modified by Graysoret al. (1996) to be:

¥ 5 ”n "O 1 "yr@ G D
0 0 O 0 (3@ —
@]

Where Q is runoff (in mm), P is annual rainfall (mmand L and F are variables that determine the shape of
the TanH curve L sets the threshold below which there is little or no runoff (also termed thknitial lossR),
and F sets the gradient of the curve (also referred to as tieontinuing lossg.

The hyperbolic shape of the TanH function implies that rainfall and runoff are not directly proportional, but
that a threshold in annual rainfall must be reached before runoff occurs. Below this threshold (L), any rainfall
is either lost as evaporation, sbred in the ground or infiltrates through to the groundwater.

When fitting this relationship, values for the2 loss parameters are estimated by minimising the sum of
squared errors, such that the TanH curve represents a line of best fit through the rainfallnoff pairs and can
therefore be used to estimate runoff depth for a selected annual rainfall total.
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A suite of statistical tests was used to test the statistical significance of trends in theainfall data series, or
differences in the sample means for two subsets (indicating different periods) in the observed series. These
qlt gt WRUHAG2T 1T W9 O E Gestltae(\ilcoxoh RanksBllhh Teét,FudditHe Markiendall Test,
and are described as follows

1 The CUSUM chart plots deviations of the cumulative sums (CUSUMSs) of each sample value from a target
value (e.g., Bissell 1969). In this context, CUSUM charts are used to monitor small shifts in the mean
value of samples. The CUSUM chart is cumulative, areen minor drifting in the sample mean will cause
steadily increasing (or decreasing) cumulative deviation values. Given the general use of CUSUM
analysis is for monitoring processes that have a desired tolerance that is considered acceptable (for
examplein manufacturing processes), CUSUM charts usually include upper and loweontrol or action
limits to highlight shifts outside an acceptable range. In the case of this analysis, these bountlare set
as 4 standard deviations from the mean. In the context of assessing rainfall behaviour, the temporal
progress of cumulative deviations relative to the mean is a primary factor to consider. Even if cumulative
deviations do not exceed these controllimits, a continuous downward trend can be indicative of a
declining trend in the sample mean.

1 1 1J0 AtéesttislH 2sample location test that is used to test a null hypothesis that 2 populations have
DhecaWale Ut AW¢ W2 ¢ t-tBst, quR Mdidliapplidable qvaehn 12 Samiples have unequal
2¢l ReURNDt WeUT oYl WeUhe ¢ 0 Wt ¢ GtGH 6 AI RIAH d@ibtaits 1Hhs R q 6
assumption of 2 populations being normally distributed (Zimmermann et al. 1993).

1 The Wilcoxon Rank Sum Test represents a ngrarametric version of the twesample t-test with a null
hypothesis usually assuming that the 2 samples taken from one series will have equal medians (that is
2 populations with the same distribution and the same median). For this null hypothesis to be rejected,
there must be evidence that thesample median value has changed, such that one distribution is shifted
to the left or right of the other. By assuming the distributions of the 2 samples remain equal, rejeng a
null hypothesis means that there is evidence that the medians of the two samples are different.

1 The MannKendall Test is used to determine whether a time series has a monotonic upward or downward
trend, which will occur when values consistently increase (or decrease) over time, but not always in a
linear manner. The ManrKendall Test, which is nopparametric, can be used in place of a parametric
linear regression analysis which can be used to test if the slope of the estimated linear regression line is
different from zero (Wang et al. 2020).

1 CUSUM charts have four bounds because they separately track gradual increases and gradual decreases, and each
direction needs a reset line and avarning line.
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3.1.821J1 2RI

The spatial distribution of longterm annual average rainfall across the PWRAs is shown kigure3.2. The
distribution is shown to follow the topography of the landscape with a west to east downward gradient. As
shown in Figure 3.2 higher rainfall areas are in the southwestern areas with average annual rainfall higher
gécUWMMGaWeUT WT I YGGRUNWIT YsUWhe RATG! W6l YeNEWaqd L
catchment scale information is provided in the WAP for the PWRA.

For the purposes of this investigation, 5 rainfall sites were selected:

n to generally cover thespatial distribution of rainfall across the PWRA,;

n to meet the data quality criteria mentioned in Sectior®.2; and

n  with higher priority given to stations located in the headwater/high rainfall sections of the catchments
considered in the streamflow and rainfaltrunoff investigations.

Alist of the rainfall sites, and the catchment and PWRA in which they are located, are providedTable 3.1
and displayed inFigure3.1.

Analyses of rainfall records were undertaken using various measures, primarily to identify:
n long-term annual, seasonal, and monthly rainfall trends;

n changes to longterm annual, seasonal, and monthly rainfall for 3 droughtelated (pre-, during and post
drought) and 2 WAP development (WAP development and pe#{AP development) periods; and

n using standard statistical technical analysis tools, statistically significant trends and shifts in annual,
seasonal, and monthly rainfall since the beginning of the Millennium drought.

Detailed analyses and results of rainfall records for the primary station is provided in the following sections.
Results for the remaining reporting stations are provided as tables and charts in the Appendices.

DEW Technicalreport 2026/06 8



OFFICIAL

’

A4261007

. A4261174
|8 0 =2

a:

MountPleasant

S‘ A
e e

T) R
/ e

Marne Saunders
PWRA

Rainfall and streamflow
monitoring

' BoM Rainfall Site
Streamflow monitoring site

<2 Marne River Catchment
<2 Saunders Creek Catchment
< Waterbodies

~— Road
Stream order
/«N\'L 2nd
M 3rd
oy 4th
9% Sth
7% 6th

N
‘} 0 7 km
Produced by Water Science and Monitoring

Date 17 July 2025
Projection  GDA2020 South Australia Lambert

© Crown in right of the State of South Australia,
Department for Environment and Water. DEW does not
quarantee that this map is emor free. Use of the map is at
the user's sole risk and the information contained on the
map may be subject to change without nofice.

Government of South Australia

Department for Environment
and Water

M:\Projects SWA\WAP_review\Marne_Saunders\Marne_Saunders WAP_Review_24 25\Marne_Saunders\Marne_Saunders.aprx

Figure 3.1. Selected SILO rainfall stations and streamflow monitoring locations for Marne Saunders PWRA
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Rainfall observations from 5 longterm operational rainfall station from within and in the vicinity of the PWRA
were used in these analysesThe overall quality of data within the SILO records for these series acro$800
to 2024 are summarised inTable3.1.

Table 3.1. Proportion of daily SILO rainfall series (1900 to 2024) associated with the Marne Saunders
PWRA with various quality codes

Site ID Site name Catchment SILO Data Quality Codes?
0 15 25
23725 Keyneton Marne River 88% 3% 10%
23737 Mount Pleasant Torrens River 91% 8% 1%
24513 Cambrai (Kongolia) Marne River 99% 1% 0%
24531 Sedan Marne River 93% 2% 5%
24525 Palmer Saunders Creek 94% 4% 2%

20 represents stationrecorded data, 15 represents deaccumulated values from interpolated data and 25 represents
interpolated daily observations.

Due to the absence of a suitable rainfall station in the wetter (southvestern) sections the PWRA, data from
the nearest station located at Mount Pleasant (23737) in the Torrens catchment were used in this study.

Table 3.2 summarises key statistics for annual rainfall data, which demonstrates the high spatial variability

of raimnfall across the PWRA, as well as the annual variablity within each statiovith the upper reaches of
the catchments (Mt Pleasant) being considerably wetter than the downstream parts (Cambrai and Sedan) of
the catchments.

Table 3.2. Summary statistics for selected annual rainfall data (mm) for Marne Saunders PWRA (1900
to 2024)

Statistics Keyneton Mt Pleasant Cambrai Sedan Palmer
(23725) (23737) (24513) (24531) (24525)

Annual average 55 659 294 304 407

(mm)

Annual median 507 639 280 205 392

(mm)

Annual maximum 959 1104 606 682 819

(mm)

Annual minimum 51 35 119 109 166

(mm)

Standard deviation 141 158 88 99 118

Figure3.3 shows the distribution of annual rainfall for the 5 sites used in the analysis for the three drought
related periods as boxplots with the absolute median values and relative changgsovidedin Table3.3. Data
presented in Figure3.3 shows that across all sites, except Mount Pleasant (23737), the pra&rought period
displays relatively symmetric distributions of annual rainfall, suggesting more consistent rainfall patterns
historically. In contrast, the postdrought period generally exhibits positive skewness, péicularly at
Cambrai (24513)and Sedan (24531)indicating a wider range of rainfall observations in the upper quartile
(above median annual rainfall years)
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Annual rainfall boxplots for pre-drought, drought, and post-drought periods at selected sites, 1900 to 2024
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Figure 3.3. Distribution of annual rainfall for different periods
(Medi an (n), average (N), and outliers (D) shown)

Table 3.3 Median annual rainfall (mm) for different periods for the Marne Saunders PWRA (1900 -2024)

Period Keyneton Mount Cambrai Sedan Palmer

(23725) Pleasant (24513) (24531) (24525)
(23737)

All years (1900 to 2024) 507 639 280 295 392

Pre-drought (1900 to 1996) 535 651 283 295 416

Drought (1997 to 2008) 471 560 282 306 335

Post-drought (2009 to 2024) 479 638 278 281 380

Change compared to pre -

drought

Drought -63 -91 -1 11 -82

(%) (-12 %) (-14 %) (-0.2 %) (4%) (-20%)

Post-drought -55 -13 -4 -14 -36

(%) (-10 %) (-2%) (-2 %) (-5%) (-9%)

Data presented inTable3.3 and Figure3.3 show that of the five stations

n four stations (Keyneton, Mount Pleasant, Cambrai, and Palmer) recorded reductions in median annual

rainfall during the drought period (ranging from 0.2% to 20%), while Sedan showed a slight increase (4%),
compared to the pre-drought period;

n rainfall is yet to fully recover to predrought conditions at all the rainfall stations during the postdrought
period; and

n partial recovery during the postdrought period was observed at Keyneton, Mount Pleasant and Palmer.
However, at Sedan and Cambrai, rainfall in the postirought period declined further (driest) compared
to the drought period.
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Figure3.4 shows the distribution of annual rainfallduring the WAP developmen{1974T12003)and post-WAP
(2004 1 2024) developmentperiods for the 5 sites and Table 3.4 shows the annual medians and relative
changes related to the WAP periodsMedian rainfall values were similar betweerthe two periods atall sites
(differences less than 3%). No consistent distribution changes were evident across the stations and
comparison periods with the data showing either normal distributions or various levels of skewness

Annual rainfall boxplots for WAP-Dev and Post WAP-Dev periods at selected sites, 1974 to 2024
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Figure 3.4. Distribution of annual rainfall during WAP development periods
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Table 3.4 Median annual rainfall (mm) for different WAP periods across the Marne Saunders PWRA
(1900 to 2024)

Period Keyneton Mount Cambrai Sedan Palmer
Pleasant

(23725) (23737) (24513) (24531) (24525)
All years (1900 to 2024) 507 639 280 295 392
Pre-WAP (1900 to 1973) 528 651 285 295 402
WAP development (1974 to 2003) 480 620 282 288 379
Post-WAP development (2004 to 2024) 478 626 277 287 364
Change (WAP development to post -2 6 -5 -2 -14
WAPR-development) (%) (0%) (1%) (-2%) (-1%) (-4%)

DEW Technicalreport 2026/06 13



3.3. 2 1Jq ¢ RG R Wkl @ dld YRt Uy WWA G D¢t ¢ Ugq

Detailed rainfall analysis for Mount Pleasant (23737) at various timescales is presentaa this section with
results for the other stations included inAppendix7.4.

331. UUecidW ¢RUnctGdWeUch! t R

Rainfall totals for Mount Pleasant (23737) at annual and decadal levels with various period medians and
trends included are plotted inFigure3.5(a) to (f).The trends of annual rainfall and decadal medians suggest

a longterm gradual decline in annual rainfall over the period of record from 1900 to 2024 (refer kagure

3.5(a) and (e)). Annual deviations from the loaterm median rainfall shown inFigure 3.5 (b), indicating that

YUG! WOWY™n Waé6 IWGE t-a 1N R ¢l dIId Y # s 3310 &) kUklIc AR Q¢ O GTabled.e. | + A L

Medians for the droughtrelated periods (Figure 3.5(c)) show that median rainfall of the drought period
(560mm) is substantially below the longterm (639mm) and predrought (651mm) medians. While the post

drought median (638mm) is higher than that of the drought periodgt, is yet to fully recover to pre-drought

period median. For WAP development and postVAP development periods Table3.5 (d)) the data indicate
similar median values for the 2 periods, both of which are below the lortgrm median.
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Figure 3.5. Rainfall plots at Mount Pleasant (BOM site 23737) for 1900to 2024 showing (a) long-term median, 10-year rolling median and linear trend, (b) deviation of annual rainfall from long

-term median with linear

trend, (c) annual rainfall showing median values of drought -related periods, (d) annual rainfall showing median value s during the WAP development and Post WAP-development periods, (e) median annual rainfall
per decade, (f) boxplots of distribution of annual median rainfall per decade
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The previous section outlined evidence of trends towards drier conditions at Mount Pleasant in recent
decades when rainfall was analysed at an annual timescale. To further investigate its seasonal behaviour,
historical daily rainfall was aggregated to seasnal totals and compared on a seasorby-season basis.

Table 3.5 summarises median seasonal rainfall over the 3 droughtelated periods used, together with the
difference in annual and seasonal medians during the drought and postrought periods in comparison to
the pre-drought medians. This shows:

n rainfall during autumn, winter and spring were much lower during the drought. Autumn and winter
rainfall showed some recovery in the posdrought period but were still lower than the predrought
period medians. On the other handpost-drought spring rainfall showed no recovery and was the
lowest (driest) among the three drought related periods .

n in contrast, that median summer rainfall remained almost consistent through the three drought related
periods.

Table 3.5 Median seasonal rainfall (mm) at Mount Pleasant (BOM site 23737) for different drought
related periods

Season All years Pre- Drought  Post- Change from Pre-drought
drought drought

(1900 to (1900to (1997to (2009 to Drought Post-drought

2024) 1996) 2008) 2024) mm (%) mm (%)
Summer 66 65 68 68 3 (4%) 3 (5%)
Autumn 135 140 105 135 -36 (-25%) -5 (-3%)
Winter 263 267 248 257 -19 (7%) -10 (-4%)
Spring 164 174 136 126 -38 (-22%) -48 (-28%)
Annual 639 651 560 638 -91 ((14%) -13 (-2%)

Table 3.6 summarises seasonal medians for theWAP development and post-WAP development periods.
These values demonstrate that thgpost-WAP development phase (2004 onwards) was drier in winter and
spring (driest) , but not in autumn and summer, when compared to the WAP development period

Table 3.6. Median seasonal rainfall (mm) at Mount Pleasant (BOM site 23737) for WAP-development
and Post WAP-development periods

Season All years WAP Post WAP- Change (WAP dev. to
development development Post WAP-dev.)
1900 to 1974 to 2004 to

(2024) (2003) (2024) (mm) (%)
Summer 66 60 70 10 16%
Autumn 135 126 135 9 7%
Winter 263 258 250 -9 -3%
Spring 164 153 117 -36 -23%
Annual 639 620 626 6 1%
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Table 3.7 summarises median rainfall for each calendar month forthe 3 droughtrelated periods and the
relative change from predrought to drought and postdrought medians.

91 During the drought period, the greatest percentage reduction in median rainfall was observed in March
(41%) and April (32%). In contrast, notable increases were recorded in January (73%), June (12%) and
December (19%) compared to the predrought period.

1 The postdrought period data indicates all months except January, February, May, June and November
were drier than the predrought period (Yet to recover).

1 September and October (spring months) showed a further decrease in median rainfall from drought
conditions in the post-drought period (driest), whereas November median rainfall recovered to pre
drought levels.

1 September and October (followed by March) were the most impacted across the drought periods with
the monthly median decreasing progressively through the 8omparison periods (driest).

1 January and June have been on the other side of change with the monthly medians during the drought
and post-drought periods being higher than the pradrought period median.

Table 3.7. Median monthly rainfall (mm) for Mount Pleasant (BOM site 23737) for different periods
relative to the drought

Season  All years Pre- Drought Post- Change from Pre-drought
drought drought Drought  Post-drought

1900 to 1900to (1997 to 2009 to

(2024) (1996) (2008) (2024) i () A ()
Jan 18 18 31 20 13 (73%) 2 (12%)
Feb 14 14 13 15 -2 (13%) 0 (1%)
Mar 16 17 10 12 -7 (-41%) -5 (31%)
Apr 35 41 28 33 -13 (-32%) -8 (19%)
May 61 63 60 64 -3 (4%) 1 (1%)
Jun 83 80 90 87 10 (12%) 6 (8%)
Jul 87 91 79 85 -11 ((12%) -6(-6%)
Aug 88 91 78 80 -13 (-14%) -11 (12%)
Sep 64 72 62 48 -10 (-15%) -24 (-33%)
Oct 50 57 48 38 -10 (17%) -20(-34%)
Nov 30 31 26 36 -6 (-18%) 5 (16%)
Dec 22 23 28 18 5 (19%) -5 (21%)
Annual 639 651 560 638 -91 (-14%) -13 (2%)

Table 3.8 summarises median monthly rainfall for WAP development and postWAP developmentperiods

with changes inmedian monthly rainfall recorded during thepost-WAP developmentiphase compared to the
WAP development period also shown. These results show that reductions in rainfaie high during March
(in autumn) and September and October (in spring) durirthe post-WAP developmentperiod, relative tothe

WAPdevelopment period.

These results show thatreductions in rainfall during September (25%) and October (34%) remain the key
changes in which climatic impacts are observed to affect the posWWAP development relative to WAP
development periods. Except forJune and Novemberwhich showed11% and 20% increase respectively
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the other months had median rainfall largely consistent across the two WARelated periods with differences
remaining within 4 mm between medians

Table 3.8. Median monthly rainfall (mm) for Mount Pleasant (BOM site 23737) for different WAP
development periods

All years WAP Post WAP- Change (WAP dev. to
Month development development Post WAP-dev.)

(1900 to 2024) (1974 to 2003) (2004 to 2024) (mm) (%)
Jan 18 20 21 1 4%
Feb 14 10 13 3 32
Mar 16 16 13 -3 -19%
Apr 35 32 35 3 10%
May 61 61 57 -4 -6%
Jun 83 78 87 9 11%
Jul 87 97 82 -15 -16%
Aug 88 88 81 -7 -8%
Sep 64 65 49 -16 -25%
Oct 50 50 33 -17 -34%
Nov 30 28 34 6 20%
Dec 22 19 21 3 15%
Annual 639 620 626 6 1%

334 A¢ RUNEHEYRAII'RIY T Wa T Re Ut

Annual and seasonal median rainfall data for the 3 drought comparison periods for each of the 5 rainfall
stations investigated are providedn Appendix7.1. To obtain a PWR#Ascale picture of the recovery status of
rainfall during the postdrought period (2009 to 2024), the stations were grouped into the 3 categories by
comparing the postdrought median to drought and predrought period medians, as defined irSection 2.5.
Summary of the recovery status of the two high rainfall stations (Mount Pleasant (23737) and Keyneton
(23737)) located in areas where majority of the runoff is generated within the PWRA is provided in the table
below.

Table 3.9. Summary of post-drought rainfall recovery status for stations Mount Pleasant (23737) and
Keyneton (23737)

_ _ Number of stations (out of 2)
Post-drought period rainfall

Annual Seasonal
recovery status : :
Winter Spring Autumn Summer
Fully recovered (wettest) 0 0 0 0 1
Partially recovered 2 2 0 2 0
Yet to recover(driest) 0 0 2 0 1

Data presented inTable3.9 show that of the 2 high rainfall stations investigated:

9 rainfall during the spring season has clearly had the most impact since the beginning of the
Millennium drought , with rainfall atH Y ) 6 Wt q ¢ q R Y UMetltbrrécdvér RitieStd RIGALE opdJIDH ! L
the post-drought period,;
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1 rainfall during the winter and autumn seasons has also been impactedalthough to a lesser extent than
springTt RUHUDWqS6 DWHUINRUURUNWYNWq6WW~RGaGIWUUR2GWIT I Yer
I 3HY2 11 T & WHE q 1) vought pdriedjamiO N Waq 6 WWGY q

1 qé6cqalWs 6 30WHY Ut RT I RUNW¢UUecuaWqYqceat AWAY efoudht a ¢ a R
period. The results presented here, along with results of other statistical analyses of rainfall data,
provide evidence that suggests a&hange in rainfall seasonality has occurred since the beginning of
the Millennium drought.

3.4. Nl W3UT Wwedld diit MrRmE qalR Un ¢ G

341.2 Jq¢c RO VT WeWa Wig WRE WEYNd) qWel= 0T OT b LW

CUSUM charts were prepared for the time series of rainfall Mount Pleasant (23737aggregated to annual
totals (Figure3.6). The annual CUSUM chart does not show any data points falling outside of theetionk
bounds (yellow shading), other than a period in thel920s to 1930s falling above the upper action limit This
behaviourcan be attributed to a high rainfall periodn the early 1920qrefer toFigure3.5(a)).Since then, the
data points are generally distributed close to the longerm mean line until early mid1990s, after which the
majority of the data points are distributed below the mean. This indicates a general downward shift in annual
rainfall since the early-mid 1990s with a few very wet years in between. Further analysiseasonal and
monthly - was undertaken to investigate if this potential shift in annual rainfall was uniform through the year,
the results of which are presented in the following sectins.

DEW Technicalreport 2026/06 19



Cumulative sum

CUSUM of annual rainfall at BoM site 23737, 1900 to 2024

250

1800 1910 1920 19350 1940 1960 1960 1970 1980 1990 2000 2010 2020
Year
Department tar Environment and Water, Waler Science

Figure 3.6. CUSUM chart of annual rainfall (1900 to 2024) for Mount Pleasant (BOM site 23737)

Figure3.7 shows the CUSUM charts of seasonal rainfall totals. These results show that:

T

the cumulative sums of winter rainfall mostly reflect the annual patternFigure3.7), indicatinga general
downward shift in annual rainfall since the earlymid 1990s with a few very wet years in betweeturing
the last few decades;

for Autumn rainfall, most data points since the earlymid 1990s are distributed below the longterm
mean. The cumulative sum declined toward the lower action limit by the late 1990s before gradually
increasing back toward the longterm mean over the subseaient period. However, the majority of the
years remain below the longterm mean indicating a potential shift in autumn rainfall totals since the
Millenium drought;

for Spring rainfall, a declining trend from 2000s with partial recovery at the end of the reporting period
(2024). In contrast, summer cumulative sum rainfall data show that most values since the 1990s sit
above the longterm mean; and

this supports previous analysis that showed reductions in median rainfall in the postirought period
except in summer.

Figure3.8 shows CUSUM charts of monthly rainfall totals with the key relevant observations to note being
that:

1 October rainfall totals reveal a significant downward trend in its cumulative sum since the

commencement of the Millennium drought aligning closely with the behaviour for spring;
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1 April and May rainfall show a similar behaviour to the autumn cumulative sum, decreasing towards the

lower action limit across the 1990s before gradually increasing towards the lontgerm mean by the
2010s; and

1 after 2010, in February, March, November and December CUSUM charts show data points falling above
the upper action limit indicating few higher rainfall events.
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Figure 3.7. CUSUM charts of seasonal rainfall (1900 to 2024) for Mount Pleasant (BOM site 23737)
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Figure 3.8. CUSUM charts of monthly rainfall (1900 to 2024) for Mount Pleasant (BOM site 23737)
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1 Review of CUSUM plots for the other 4 stations (Appendices5, 7.6 and 7.7) and when compared to
those for Mount Pleasant, show:

o that no significant trends were observed in annual rainfall totals at all the 4 sites which are lower
rainfall sites located at lower elevations in comparison to Mount Pleasant site;

o that seasonal plots for stations at Keyneton (23725), Sedan (24531) and Palmer (24525) are
similar the ones for Mount Pleasant with Autumn rainfall being the highest impacted since the
drought; and

o similar trends to Mt Pleasant with October being the highest impacted month.

Table 3.10 summarises the results of the statistical tests for data from Mount Pleasant. For thdann-

ulUT ¢a0WNPUt qAWe WOWNeqR2UVWhqcek W2¢de DWRUT RAC qlIt W6 ¢
201+ ¢AWe Ul We WhGrW2¢de JWIUE Y Wa6c¢c UWMIOMPWRUT REC qlJt LWaq
are highlighted in red in the @ble. Additionally, p values between 0.05 and 0.10 are highlighted in red and
shown in italics to indicate the presence of a monotonic trends but with a slightly lesser degree of statistical
significance (between 5% and 10%).

Forthei RGHY+YUWe UT Wi DaHGKT Waldt qf AWc WGW2 ¢de JWat 1+ Wb e
YI Wht RNk Wei¢c qliec WPEWG W2 UG WRUW@6 W Rt ql RAzqRYUWY n L
These are highlighted in red in the table. Additionally, p values between 0.05 and 0.10 are highlighted in red
and shown in italics to indicate a shift, but with less statistical significance (between 5% and 10%).

Results of the statistical tests presented inTable3.10.

1 The MannKendall test shows evidence of statistically significant declining trends in longerm (from
1900) annual, seasonal (in spring) and monthly rainfall (during September and October).

¢ N6UW RaAY+YUWeUT Wi WDEHSEKt Waldt qt Wt 6 Ys WI2RT JUHIIWY™n W

- pre-and post-1996 periods, in annual, seasonal (autumn and spring) and monthly (April, August,
September and October) rainfall; and

- WAP development and postWAP development periods, in seasonal (spring) and monthly
(September and October) rainfall.

These results suggest that geriod of changed climate is evident from the start of the Millennium drought
that has had a more seasonal impact on rainfall patterns. These impacts at the Mount Pleasg23737) site
have been shown to occur predominantly during autumn and spring in the months of April and October, and
to a lesser degree in the months of August and September.

Table 3.10 Summary of statistical tests for separating rainfall data for Mount Pleasant (BOM site
23737) at different years, and aggregating across various periods

Mann-Kendall (1900-2024) Drought periods (pre - and WAP periods (WAP dev.

Period post-1996) and post-WAP dev)
tau pvalue Wilcoxonp 1 130 A6 k1 Wilcoxon p 1 J0H6 K

value value value value

Annual -0.105 0.082 0.022 0.016 0.474 0.467

Summer 0.054 0.371 0.814 0.814 0.923 0.900

Autumn -0.069 0.254 0.018 0.006 0.579 0.502

Winter -0.050 0.409 0.297 0.187 0.635 0.473

Spring -0.156 0.010 0.014 0.045 0.064 0.164
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Period

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sept
Oct
Nov
Dec

Mann-Kendall (1900-2024) Drought periods (pre - and WAP periods (WAP dev.

post-1996) and post-WAP dev)
tau pvalue  Wilcoxonp 1 B0 HO6 k1 Wilcoxon p 1 W0 HOG K

value value value value
0.064 0.294 0.872 0.597 0.591 0.466
-0.031 0.611 0.369 0.462 0.631 0.753
-0.053 0.386 0.210 0.333 0.687 0.510
-0.040 0.512 0.035 0.041 0.587 0.634
-0.013 0.828 0.296 0.030 0.402 0.348
-0.082 0.173 0.663 0.593 0.580 0.579
0.010 0.869 0.241 0.335 0.454 0.400
-0.047 0.440 0.084 0.067 0.526 0.471
-0.114 0.060 0.062 0.070 0.023 0.076
-0.108 0.075 0.031 0.020 0.032 0.048
-0.002 0.976 0.473 0.531 0.852 0.899
0.025 0.679 0.489 0.646 0.920 0.906

342.Eqc¢c qRt qRHEC T We ULGd 19 IRWAL l2WIdIEE d 4 Tnill

Results of statistical analyses of rainfall records at the other 4 sites are provided in Appendrix2 and
Appendix7.3 and summarised below.

1 Mann-Kendall analysis results show statisticallysignificant decreasing trend in long -term (since
1900) in:

(0]

annual rainfall at Keyneton (23725) and Palmer (24525). While there is a decreasing trend, it is
less significant at Cambrai Kongolia (24513) and Sedan (24531),

seasonal rainfall: Spring rainfall at Keyneton (23725) and Palmer (24525), Winter rainfall at
Keyneton (23725) and Autumn rainfall at Palmer (24525) and

monthly rainfall: October rainfall Keyneton (23725) and Mt Pleasant (23737), being the highest
impacted month.

Data on trend and level of statistical for all seasons and months for all the stations are providedAppendix
7.2 and Appendix7.3.

9 Tests of whether a decrease in rainfall has occurred in the period since 1996 compared to piteought
bl ROAY+FYUW ¢ Ut Wiest) Sudigedisighificddtierd@ncé dibmyshift in:

(0]

(0]

annual rainfall at Keyneton (23725) and Palmer (24525),

Spring rainfall at Keyneton (23725) and Palmer (24525); Autumn rainfall at Keyneton (23725),
Palmer (24525) and Cambrai Kongolia (24513), and

October rainfall at all stations except at Sedan (24531) and September rainfall at Keyneton
(23725) and Palmer (24525).

In the context of annual rainfall over WARelated periods (from 1974 onwards), a statistically significant shift
was observed for the month of October at all stations and for September #&teyneton (23725) and Palmer
(24525).
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The rationale behind selection of catchments and streamflow sites within them for this investigation are
provided in Sections2.1 and 2.3. The location of the streamflow sites used in the investigation are shown in
Figure3.1. Analyses of streamflow records for the period 1974 to 2024 (where records were of usable quality)
were undertaken using various methods primarily to investigate possible:

9 trends in longterm annual, seasonal, monthly and daily streamflow data; and

9 changes to annual, seasonal and monthly streamflow for 3 droughtelated (pre-, during and post) and
two WAP development (WAP development and pos3VAP development) periods.

42. ~¢ 1 UDWAR21JI W

Streamflow records from theMarne River atMarne Gorge(A4260605 gauging stationfor the period 1974 to
2024 were usedin the analysis.

Streamflow data for the period 1974 t®024 reflects the highvariability, reaching peak discharge volumes
of 33,552 ML (974) and a minimum annual discharge od ML 018, 2019 & 202dwith the long-term annual
median being2,019 ML.

421.?2¢qc¢ WhuectRaq! WeUT Wet ¢ HRURq!

While data for the period 1974 to 2024 was used in the analysis, the following observations are to be noted
regarding data quality and data used in the analysis.

T oWcltWq6caqW6sceTl WhNYYT Whec¢cdRq! K WIT ¢RG! WI IHYI T4 WT 2|
hORt T RUNDKWY! WhaUet ¢HOWK W ¢RO! W WHERYITH W 21 RUNDLWa6 I
All data in such years were used in the analysis.

T oN¢cl tWs6W DWGeTY!I Ra! WYnWad W ¢ q¢ WRt WheUc2¢RUGECHTN
yellow-HY G Yel DI W DAqe UNG Ut WRUWCE GG Wa6 WWGHYqt HOW? ¢ qce WHY!
used in any of the analysis. Based on thesgriteria, data for majority of the years in the period 1982000
were not included in the analysis.

The results of streamflow data analysis feed into the rainfaltunoff section which is critical in understanding
catchment behaviour and to inform future water planning.

422, 00aq@iWeandVsi

Figure4.1 shows the distribution of annual streamflow atMarne Gorge (A426060pfor the various drought
and WAR related periods as boxplots.Annual streamflow (median, mean and maximum) during the drought
period was much lower than that during predrought period. The range of annual flows and median annual
flow during the post -drought period further declined and has remained significantly lower than the pre -
drought and drought median . Median annual flow in thepost-WAP developmentperiod isalso significantly
lower than during the WAP development period.

DEW Technicalreport 2026/06 26



Annual flow boxplots for various periods at Marne River at Marne Gorge (A4260605), 1974 to 2024
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Figure 4.1. Distribution of annual streamflow totals for Marne River at Marne Gorge (A426060) for
different periods during 1974 to 2022.

Medi an (n), average (N), and outliers (D) shown.

Figure4.2 (a)shows a time series of annual streamflow totals for 1974 2024 with long-term median annual
flow shown alongside a 1@year rolling average and londerm trend, both of which show a substantial
decline in streamflow totals over the period of observation.

Figure4.2 (b) shows annual deviations from the longterm median. Apart from a wet year in 2016, recent
decades have shown a greater number, and higher frequency, of belemvedian streamflow years compared

to the pre-drought period. There was no flow recorded during three consecutive years in 2018, 2019 and
SMEZMAWN YOO Ys 3hMs WAIUW a6 WRWHEBM=ZNAWRUT RAC qRUNWE W 13H 1

Figure4.2 (c) andTable 4.1 shows annual streamflow withmedian annual flows displayed for predrought,
drought, and postdrought periods as well as the full period averageResults show that the median annual
streamflow during the drought period was 2,213 ML (48%) lower than the pdeought period. In the post
drought period, the median annual flow further declined by 1,708 ML and remained significantly below the
pre-drought median by 3920 ML (84%).

Figure 4.2 (d) and Table 4.2 show annual streamflow totals coloured bythe drought phase with median
annual flows for the WAP development angost-WAP developmentperiods also shown. These reveal a
substantial reduction in median annual flow in the period following the WAP developmentlifat is, from 2004
onwards) by4142 ML (88%)
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Figure 4.2. (a) Annual streamflow totals for Marne River at Marne Gorge (A4260605) for 1974 to 2024, (bbeviations in annual streamflow totals in Marne River at Marne Gorge (A4260605) from long -term median, (c)

Annual streamflow totals for Marne River at Marne Gorge (A4260605) showing medians before and after the drought (1997 to 2008), (d) Annual streamflow totals for Marne River at Marne Gorge (A4260605) showing
medians during WAP development (1974 to 2003) and during Post WARdevelopment.
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Results of analysis of streamflow recordsat the A4260605station at seasonal time steps are summarised
below inTable4.1and Table4.2. Table4.1 summarises themedian seasonal streamflow for different periods
relative to the Millennium drought. These statistics show thamajority of annual flow is recorded across
winter and springseasons. While flows during autumn and summer are only a very small proportion of the
annual totals, they are critical in keeping stream beds wet and maintaining iastream ecosystem
functionality .

Medianwinter and springflows declined significantly during the Millenium drought period compared to the
pre-drought period, and fell to zeroin the post-drought period, reflecting continuous dry conditions. Summer
and autumn flows constitute a minor share of the annual total with median flows during these seasons
recorded as zero in both the drought and postirought periods.

Regarding recovery of seasonal flows to pre -drought conditions, none of the seasons have recovered
to pre-drought conditions . Median streamflow during the main flow seasons of winter and spring has
dropped to zero, indicating a shift towards drier conditions with no signs of recoveget.

Table 4.1. Median annual and seasonal streamflow for Marne River at Marne Gorge (A4260605) across
periods defined by the Drought

Pre- Post- Change from Pre-drought
All years drought Drought drought 9 9
Season
(1974 to 2024) (1974 to (1997 to (2009 to Drought Post-drought
1996) 2008) 2024) (ML (%)) (ML (%))
Summer 3 5 0 0 -5 (100%) -5 (100%)
Autumn O 6 0 0 -6 ((100%) -6 (100%)
Winter 1057 2006 974 0 -1,032 (51%) -2,006 (100%)
Spring 891 1477 1131 0 -347 (23%) -1,477 ¢100%)
Annual 2019 4640 2427 720 -2213 (48%) -3,920 (84%)

Table 4.2 summarises seasonal median flow for WAP development and postWAP developmentperiods.
Streamflow has significantly declined across all seasons since WARIevelopment with substantial
reductions observed in winter and springthe major flow seasons. Annual streamflow decreased by 88%
with winter and spring flows declining by over 99%.

Table 4.2. Median annual and seasonal streamflow for Marne River at Marne Gorge (A4260605 across
periods representing WAP development

WAP Post-WAP Change (WAP dev . to
Season All years development development post-WAP dev.)
(1974 to 2024) (1974 to 2003) (2004 to 2024) (ML) (%)
Summer 3 5 0 -5 -100%
Autumn 0 6 0 -6 -100%
Winter 1057 1830 22 -1808 -99%
Spring 891 1720 7 -1712 -100%
Annual 2019 4710 567 -4142 -88%
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The distribution of flow across each calendar month, with monthly totals aggregated to variousought and
WARP-related periods, is summarised in Table 4.3 and Table 4.4 respectively. The monthly data shows
median flow in each calendar monthhas declined sharply since thebeginning of thedrought. Similar to the
seasonal streamflow data,winter and spring flows have reduced significantlyvith all months recording zero
flow in the post-drought period. Notably, July, October, and November experienced substantial reductions,
while September showed an increase during thdlillenium drought before declining to zero postdrought.
At least 75% of annual flow in each period is recorded acrossamonth period covering Julyto September,
and the large reductions in flow during these month&ave a significantimpact on annual flows.

Table 4.3 Median monthly streamflow for Marne River at Marne Gorge (A4260605) for drought periods

Change from
Pre-drought

All years Pre-drought  Drought Post-drought Post -
Season Drought drought

e e Gme G wes o
Jan 0 1 0 0 -1 (-100%) -1(-100%)
Feb 0 1 0 0 -1 (-100%) -1(-100%)
Mar 0 2 0 0 -2 (100%) -2(-100%)
Apr 0 2 0 0 -2 (100%) -2(-100%)
May 0 2 0 0 -2 (100%) -2(-100%)
Jun 0 14 0 0 -13 (100%) -14(-100%)
Jul 30 435 68 0 -367(-84%) -435(-100%)
Aug 508 813 586 0 -227(-28%) -813(-100%)
Sep 394 735 1100 0 365(50%) -735 (100%)
Oct 67 141 29 0 -111(-79%) -141(-100%)
Nov 3 10 1 0 -9(-93%) -10(-100%)
Dec 1 2 0 0 -2(-100%) -2(-100%)
Annual 2019 4640 2427 720 -2213(-48%)  -3920 (84%)

Table 4.4 Median monthly streamflow for Marne River at Marne Gorge (A4260605) for WAP periods

All years WAP Post-WAP Change (WAP dev. to
Month development development post-WAP dev.)

(1974 to 2022) (1974 to 2003) (2004 to 2024) (ML) (%)
Jan 0 1 0 -1 -100
Feb 0 1 0 -1 -100
Mar 0 2 0 -2 -100
Apr 0 2 0 -2 -100
May 0 2 0 -2 -100
Jun 0 9 0 -9 -100
Jul 30 246 0 -246 -100
Aug 508 599 6 -594 -99
Sep 394 775 0 =775 -100
Oct 67 140 0 -140 -100
Nov 3 11 0 -11 -100
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WAP Post-WAP Change (WAP dev. to

Month All years development development post-WAP dev.)
(1974 to 2022) (1974 to 2003) (2004 to 2024) (ML) (%)

Dec 1 2 0 -2 -100

Annual 2019 4710 567 -4142 -88

425 ? ¢ RigIUWcecadndyYst

Further investigation of flow records at a daily time step was undertaken to evaluate the impacts of changing
rainfall on daily flow patterns. The plots and data in the inset table iRigure4.3 show that:

1 all flow ranges have been affected since the beginning of the drought with pedtought flows being
lowest of the three droughtrelated periods; and

1 the average number of flowing days per year in the Marne River declined significantly during the
Millenium drought, decreasing by more than 60% (around 200 days), with further reduction observed in
the post-drought period. In addition, there has been a m&ed reduction in low flows (flows < 0.1 ML/d)
since the onset of the drought, indicatingsubstantial impacts on surface Tgroundwater interactions
and hydrological connectivity with subsequent ecological impacts. Overall, these changes mean the
river channelhas beenwet for much less of the time than it was before the drought.

10 000.00
Percentile exceedance Pre-drought Drought Post-drought Flow range

10th 35.2 8.8 4.5 High-V.High

20th 9.1 0.4 0.1 High-V.High

30th 1.9 0.0 0.0 Medium-High

1 000.00 40th 0.3 0.0 0.0 Medium-High
50th 0.1 0.0 0.0 Medium-High

60th 0.1 0.0 0.0 Medium-High

70th 0.1 0.0 0.0 Low-Medium

80th 0.1 0.0 0.0 Low-Medium

100.00 \ 90th 0.0 0.0 0.0 Low-Medium

10.00

Flow (ML/d)

1.00

0.10

=

0.1 02 03 0.4 0.5 0.6 07 08 09 1.0
Fraction of time flow equalled or exceeded

Period === Pre-drought === Drought === Post-drought

Department for Environment and Water
Water Science

Figure 4.3. Daily flow exceedance curves for Marne River at Marne Gorge (A4260605) for periods
related to the drought
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Figure 4.4 shows the distribution of daily flow for the WAP development period and for th@ost-WAP
development period since 2004 with both distributions summarised. The resultsare similar to those
observed during the drought related periods presented previously.

The number of flowing days per year and the low, medium, and high flow ranges are some of the key metrics
that characterise the flow regime of a catchment. These metrics also form part of the environmental water
requirement metrics that were used to assess ecaosystem flow requirements in the WAP.The results
presented here provide furtherevidence of alteration of the flow regime since the beginning of the
drought and during the postWAP development period.

10 000.00
Percentile exceedance WAP-Dev Post WAP-Dev Flow range
10th 29.9 4.9 High-V.High
20th 7.3 0.1 High-V.High
30th 1.3 0.0 Medium-High
1.000.00 40th 0.1 0.0 Medium-High
50th 0.1 0.0 Medium-High
60th 0.1 0.0 Medium-High
70th 0.1 0.0 Low-Medium
80th 0.0 0.0 Low-Medium
100.00 90th 0.0 0.0 Low-Medium
)
|
g« 10.00
=
o
T8
1.00
0.10
0.01
0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1.0

Fraction of time flow equalled or exceeded

Period === WAP-Dev === Post WAP-Dev

Department for Environment and Water
Water Science

Figure 4.4. Flow duration curves for daily flow in Marne River at Marne Gorge (A4260605) for periods
related to the WAP development periods
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Streamflow data for Saunders Creek Gorge (A4261174) were analysed for the period 2010 to 2024 as data
are only available from August 2009. The following observations are to be noted regarding data quality and
data used in the analysis.

1 Streamflow records for Saunders Creek catchment are limited to the postirought and post WAP period.
Hence, analyses of data across different drought and WARBevelopment periods were not undertaken
for this station.

T oN¢cl t WabecqWeT WhNYYT WhececldRa! KWT ¢RA! WI PEYITH W 2l
haRtt RUNDKkWYI WheUet ¢HGUK W ¢RO! W WHYI T+ W 21 RUNWa6 I
All data in such years were used in the analysis.
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used in any of the analysis. Based on thesgriteria years in seasonal and monthly flow were not included
in the analysis.

432. UUd@iWcandVYst

Figure4.5 shows a time series of annual streamflow totals fo2010 to 2024 and the median annual flow for
this period is79 ML/yr.Figure4.6 shows deviationsof annual rainfallfrom the period median. Apart from wet
years in 2016 and 2022 recent decades have shown a greatenumber, and higher frequency, of below
median streamflow years No flow was recorded in 2020 and again in 2024 with similarly dry conditions in
2018, 2019, 2021, and 2023 where annual flow remained below L. This pattern indicates gorolonged
dry spell in recent yearswhich is similar to conditions experienced in the Marne River catchment.

Annual flow at Saunders Creek at Gorge (A4261174), 2010 to 2024

0 Flow Complatenass Complete record = Median annual
i Y7/ Partial record

600 2 i -+ T

7 Long-term median: 79 ML
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=1 =)
=] =]

Annual flow (ML)

n
S
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Year

Medians/trends calculated include years with incomplete data Department for Environment and Water
Water Science
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Figure 4.5. Annual streamflow totals at Saunders Creek in Gorge (A4261174) 2010- 2024
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Annual flow deviation from long-term median at Saunders Creek in Gorge (A4261174), 2010 to 2024
I Highest on record below median Complete record
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years are considered 'Wet years' Water Science

Figure 4.6. Deviations in annual streamflow totals at Saunders Creek in Gorge (A4261174) from long -
term median
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Figure4.7 showsthe seasonal streamflow totals from 2010 to 2024, alongside the lorterm median annual
flow. Both summer and autumn show a longgerm median of zero flow, similarto the post-drought behaviour
observedin the Marne River catchment The highest streamflow volumes were recorded during winteirhe
highest total annual streamflow on record occurred in 2022Rigure4.6) with spring contributing the majority
of the seasonal flow volume

Streamflow in summer, autumn, and winter shows a drying trend, while spring shows a possible increase,
likely driven by high flow in 2022Further investigationis required to determine whether this reflects an
actual shift or an isolated event.

A34.~YUqibdil! Jecadnd Vst

The distribution of monthly streamflow for the Saunders Creek catchment is presented in Appendix8. All
months, except October and November, show a declining trend, following a consistenpattern with
seasonal trends.
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Long-term median: 0 ML

Long-term median: 11 ML

Figure 4.7. Seasonal streamflow totals at Saunders Creek in Gorge (A4261174) 20102024

Long-term median: 0 ML

erm median: 3 ML
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Likely shifts in rainfall patterns across differentMillenium drought and WAP developmenitrelated periods
are discussed in the previous sections. Additional investigation into the effects of shift in rainfall patterns on
catchment rainfall Trunoff response is provided in this section.

Runoff response to annual rainfall totals for the catchment area upstream of the streamflow gauging station
Marne River atMarne Gorge(A4260605 is presented inFigure5.1. The plot presents a series of data points,

each representing observedrainfalltrunoff value for a given year, noting that runoff is converted from
megalitres to millimetres (refer to Section2.6 for further details). The full 51-year periodof record from1974

t0202N AlWs 6 11 WWT ¢q¢ Wn¥Y!l WRUT R2RT 2 ¢ dW! ¢ |42 iglincladddaidongt RT 13
with a generalised relationship between these variables shown by a TanH curve fitted to these data. Annual
values are presented in different colours based othe period oftheir association, either pre-drought (green),
Millenium drought (red)or post-drought (blue). Figure5.2 shows the same annual rainfaltrunoff relationship

but presented as linear plots by converting runoff data using Be€ox function transformation.

Inspection of the plots in Figure5.1 and Figure 5.2 show a clear difference in runoff response for a given
amount of annual rainfall during the three droughtrelated periods. The annual runoff observed for a given
annual rainfall amount is generally the highest for pralrought (green) years, lowest for draght (red) years
with data for the postdrought (blue) years lacking any pattern or correlation to the other drought related
periods. The dataindicates significant reduction in runoff generation during drought periodvhen compared

to pre-drought years A further reduction in annual unoff generatedis evidentduring the postdrought years

For lower rainfall years (less than 500 mm/yr), runoff in postirought years consistently falls below pre
drought as well as drought levels. This behaviour &lso observed during the average (500mm to 600mm
displayed within the grey box in the chart) rainfall years, suggesting a lasting change (or shift) in catchment
response rather than a return to predrought conditions.

Marne River Catchment
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Figure 5.1. Rainfall -runoff plots for Marne River Catchment (using tanh function)
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Figure 5.2. Rainfall -runoff plots for Marne River catchment (using Box -Cox transformation)

The rainfalirrunoff relationshipn Y1 We¢ WNR2 JUWHE qASG VUqWRY Wt q¢c AG W Wb ht
runoff could be expected for a given amount of annual rainfall. A change to (or shift in) climatic conditions

from historically established conditions, such as a shift in rainfall patterns, or significant changes to factors

such as land use, land management, and capture, diversion and extraction of surface and ground water
resourcesTs 6 RAG WG ¢! Wedaqldl We WHREGqBiGg R DR E D WklisHdG R e suib 6l & # d
H6cUNUWaqYWaqéRE W NicoRYGREBSILURG 6 & & WX G & RBRF WG Wlec O HOW= M

New capture, diversion, and extraction of surface and groundwater resources in the Marne Saunders
Prescribed Water Resources Area (PWRA) are assumed to have ceased following the 1999 moratorium.
However, significant farm dam development occurred in the Mare catchment during the 1990s with total
dam capacity more than doubling between 1991 and 1999 (Savadamuthu, 2022). This expansiefikely to
have contributed to reduced runoff, particularly low flows, during the late predrought (1974r1996) and
drought (199712008) periods.

The altered rainfaltrunoff response observed during the droughtan possibly beattributed to both climatic
changes and increased dam storage. Although postirought rainfall was lower than in the predrought
period, it exceeded droughtperiod levels. Nevertheless, runoff during the postdrought period was lower
than during the drought suggesting that changes in rainfall patterns, rather than further dam development,
were the primary driver othe shift in rainfall-runoff response in the postdrought period.

Preliminary investigations indicate no largescale changes to land use and land management practices
during the postdrought period, but further detailed investigation is warranted.In summary, there is
sufficient evidence to suggest that the underlying rainfatirunoff response of Marne River catchment has
potentially changed (or shifted) in the period since the Millennium drought with the shift in the posirought
period primarily due to changed rainfall patterns.

It is uncertain, currently, if this observedshift in seasonal rainfall andrainfall-runoff response is permanent
or temporary-and-prolonged. It is also acknowledgedthat: (a) this likely shift in observed rainfatrunoff
response may be caused by multiple drivers, not all of which are the result of changing climate; and (b) for
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changes attributed to changing climate, future trends may not continue at the same rate or in the same
manner as historical trends (DCCEEW, 2023ruture investigations could include review othanges to water
resource development, land cover and land management during the different comparison periods,
streamflow generation mechanism and their influences, for example trends in groundwater levels
influencing persistent baseflow or changes in estimates of actual evapotranspiration.

The surface water models used in development of the WAPs were generally calibrated to streamflow records
for the period 1974 1 2003 with one rainfall-runoff relationship developed for the entire period used in
deriving resource capacities in the WAP. Given the observed shift in rainfalinoff response identified since
the start of the drought, recalibration of the models to include ecent streamflow data (to include this shift
(or nontstationarity)) is recommended for future use of the models, including wite amending the WAPs. To
evaluate the impacts of future climate on rainfaltrunoff response, the recalibrated models would have to
be run with climate projection data sets.
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6.1. Ac RUnc¢ ada

Overview: Rainfall records from five BoM stations located within (and in the vicinity) of the Marne Saunders
Prescribed Water Resources Area (PWRA) were analysed using a range of methodologies to assess long
term trends, identify periodic shifts within the historical record, and evaluate the impacts of drought on both

total rainfall and seasonal distribution. Although data from all five stations were included in the analysis,

I DHYI T Wn!l YOW~qWAGU¢Et ¢cUqUWuZOTOTb We UT Wu 1 ryUeldepcE fdre = O T
understanding runoff generation within the catchment. This is due to their representation of rainfall patterns

in the higherrainfall, headwater regions of the catchment.

Summary: Overall, data from the five stations demonstrate a steep westo-east downward rainfall gradient
and the high temporal variability of historical rainfall across the PWRA. Some of the key results of the
analyses of rainfall records from the two key statioa are summarised below.

Trends and shifts in longterm data

1 Longterm trend (Mann-Kendall test): Statistically significant declining trend was observed in longerm
(1900-2024) annual, spring season and October rainfall at both stations.

1 CUSUM plots: Annual CUSUM pilots for both stations show no data points outside the action bounds,
except for a high rainfall period in the 19201930s exceeding the upper limit. From the micd 990s
onward, most data points fall below the longterm mean, indicating a general downward shift in annual
rainfall with occasional wet years. Winter records mostly reflect the annual trend with Autumn and
Spring (to a lesser degree) being the highest impacted since the mi®90s at both stations

§ Shiftsinrainfall§ Rt H#Y + Y Uo¢ Ul YEvidénds dfstatikdigally sigriificant shifts were identified
between:

- pre-and post-1996 periods, in annual, seasonal (autumn and spring) and monthly (August,
September and October) rainfall at both stations; and

- WAP development and postWAP development periods, in seasonal (spring) and monthly
(September and October) rainfall.

Recovery status (drought periods)

1 SeasonalT Spring rainfall is the highest impacted with postdrought median rainfall being the
GYs Ut qWeh T | RIJt q Kk selitedip¥riods at ddihaséatidns Rainak doiringjthe winter
and autumn seasons have also been impacted although to a lesser extent than Spring since the
HURDRUURUNDWY NnWag6 JW~RGGIUWUUR2GWI | YeNO6qlls Rad WHY q6 LWt
during the postdrought period.

f Annual-i 6 JOWRYUt RT I RUNDWec UUzclWgYqceidt AWAYq6 W-gq¢ qRY
drought period.
Conclusion: Overall, seasonal rainfall during spring (predominantly in October) and autumn to a lesser

degree (in April) has undergone a statistically significant shift since the start of trdrought (since 1997) at
both stations. There is also evidence of decline in longerm annual rainfall (since 1920).
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6.2. Eql DecaniYs

Overview: Streamflow records from longterm gauging stations in the Marne and Saunders catchments
within the Prescribed Water Resources Areas (PWRAS) reveal a highly variable and declining streamflow
regime. In particular, the Marne River catchment has experiencedsteady reduction in annual streamflow
since 1974,when flow measurements started,with only a few exceptions duringparticularly wet years such

as 2016 and 2022. Notably, no streamflow was recorded for three consecutive yegr2018, 2019, and
2020y and again in 2024. The past two decades have also seen a marked increase in the frequency of below
median streamflow years compared to the predrought period.

Marne River Catchment: A comparative analysis of annual, seasonal, and monthly streamflow across three
drought-related periods and two WAP development periods provides valuable insights into the extent of
catchment recovery since the Millennium drought and thelevelopment of the WAP.

Annual streamflow metrics - including median, mean, and maximum flows- were significantly lower during

the drought period than in the predrought years. Following the drought, streamflow declined even further
with post-drought median annual flows remaining wel(-84%) below both pre-drought and drought levels.

The postWAP development period also recorded lower median annual floms88%)compared to the WAP

development period, indicating a continued trend of reduced streamflow.

Seasonal analysis shows thatmedian winter and spring flows, which typically contributeto most of the
annual streamflow, declined sharply during the drought and dropped to zero in the posirought period. This
reflects persistent dry conditions. Summer and autumn flows contributeto only a minor portion of the
annual total, and median flows during these seasons were recorded as zero during both the drought and
post-drought periods. Since the WAP was developed, streamflow has declined across all seasons lwihe
most substantial reductions observed in winter and spring. Median flows in these seasons dropped to zero,
indicating a shift towards increasingly dry conditions.

Monthly streamflow data further supports these findings. Median flows in each calendar month have
declined significantly since the onset of the drought. In the postirought period, all months recorded zero
median flow. July, October, and November experienced particularly sharp reductions, while September
showed a temporary increase during the drought before declining to zero poesirought. Approximately 75%
of annual flow in each period was concentrated in the thre-month window from July to September, makig
reductions during these months especially impactful on overall annual flow volumes.

Daily flow records reveal that all flow ranges have been affected since the beginning of the drought. The
average number of flowing days per year in the Marne River catchment decreased by more than 60%
equivalent to a reduction of approximately 200 days during the Millenium drought with further declines
observed in the postdrought period. Similar patterns were evident when comparing daily flows between the
two WARTrelated periods. These results suggest a significant reduction in the proportion of timthat
streambeds remain wet, which has implications for both hydrological and ecological conditions.

Key metrics such as the number of flowing days and the distribution of low, medium, and high flows are
essential for characterising the flow regime of a catchment. These metrics also inforenvironmental water
requirements used to assess ecosystem needs under the WAPTLhe observed changes provide strong
evidence of a substantial alteration in the flow regime since the onset of thilillenium drought and during
the post-WAP development period

Saunders Creek catchment : Due to limited streamflow data availability for Saunders Creek (records only
available from 2010), a detailed comparative analysis of droughtelated and WAP development periods
could not be undertaken. However, the available records indicate an extendedspiod of very dry conditions,
consistent with trends observed in the Marne River catchment.

Conclusion: In summary, streamflow in the Marne River catchment has been in decline since 1974hen
flow measurements started, with the past few decades characterised byprolonged and extranmely dry
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conditions. Post-drought streamflow levels are lower than those recorded during both the prdrought and
drought periods, indicating that the catchmentis yet to recover. Winter and spring flows have declined
significantly, and the data provides compelling evidence of a major shift in flow patterns since the onset of
the Millennium drought.

6.3. Ac RWnaW¥nnwl It GYUt 1J

Overview: For the51-year periodof record from1974to 2024, streamflow data for individual years (that were
HYUt RT U1 U1 Whet ¢ Hadagedlaindd dataveret plaitdd hapgeneralised rainfall-runoff
relationships using a TanHfunction and a second one using a BexCox transformation function werefitted
for the three droughtrelated periods.

Summary: Results of rainfallrunoff response analysis show alear difference in runoff response for a given
amount of annual rainfall during the three droughtrelated periods. A significant reduction in runoff
generationwas observedduring Millenium drought period when compared to predrought years. A further
reduction in annual runoff generated is evident during the postirought years. For lower rainfall years (less
than 500 mm/yr), runoff in postdrought years consistently falls below predrought aswell as drought levels.
This behaviour is also observed during the average (500mm to 600mm) rainfall years, suggesting a lasting
change (or shift) in catchment response rather than a return to prdrought conditions.

Interpretation: New capture, diversion, and extraction of surface and groundwater resources in the Marne
Saunders Prescribed Water Resources Area (PWRA) are assumed to have ceased following the 1999
moratorium. However, significant farm dam development occurred in the Mare catchment during the
1990s with total dam capacity more than doubling between 1991 and 1999 (Savadamuthu, 2022). This
expansionis likely to havecontributed to reduced runoff, particularly low flows, during the late predrought
(197411996) andMillenium drought (19972008) periods.

The altered rainfaltrunoff response observed during theMillenium drought likely reflects both climatic
changes and increased dam storage.While post-drought rainfall exceeded droughtperiod levels, it
remained below pre-drought levels. However, postdrought runoff was lower than during theMillenium
drought, suggesting that changes in rainfall patterng rather than further dam developmeny were the
primary driver of reduced runoff efficiency in the postdrought period.

Conclusion: In summary, there is sufficient evidence to suggest that the underlying rainfatunoff response

of Marne River catchment has potentially changed (or shifted) in the period since the Millennium drought
with the shift in the postdrought period primarily due to changed rainfall patterns.lt is uncertain, currently,

if this observed shift in seasonal rainfall and rainfalkunoff response is permanent or temporaryand-
prolonged. It is also acknowledged that(a) this likely shift in observed rainfalirunoff response may be
caused by multiple drivers, not all of which are the result of changing climatend (b) for changes attributed
to changing climate, future trends may not continue at the same rate or in the same manner as historical
trends (DCCEEW, 2023).

The shift in catchment rainfallrunoff response observed in the Marne River catchment since the onset of the
drought was also observed in other catchments in the neighbouring Barossa PWRA (Savadamuthu et al.
2022) and Mbunt Lofty Ranges(MLR) PWRAs (Savadamuthu et al. 2024).

Recommendation: Future investigations could include review of changes to water resource development,
land cover and land management during the different comparison periods, streamflow generation
mechanism and their influences, for exampletrends in groundwater levels influencing persistent baseflow
(which may not be evident as surface flowdr changes in estimates of actual evapotranspiration.

The surface water models used in development of the WAPs were generally calibrated to streamflow records
for the period 1974t 2003 with one rainfaltrunoff relationship developed for the entire period used in
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deriving resource capacities in the WAP. Given the observed shift in rainfallnoff response identified since
the start of the Millenium drought, recalibration of the model to include recent streamflow data (to include
this shift (or non-stationarity)) is recommended for future use of the model, including while amending the
WAP. To evaluate the impacts of future climate on rainfallunoff response, the recalibrated models would
have to be run with climate projection data sets.

rr rr

64.f IGGRHC qRYUt WnY!l Ws ¢aqldl WGGcUU

Research into the rainfallrunoff responses of catchments pre and post-drought have shown that in some
areas, the ability of a catchment to generate runoff from a given amount of rainfall pestrought had returned
to pre-drought conditions, while in others it either had not returned, or the generation of runoff was
suppressed (DELWP 202(Barossa PWRASavadamuthu et al. 2022) and MLR PWRAs (Savadamuthu et al.
2024). Inthe case of theMarne River and Saunders Creek catchmenfsvhether this observed shiftin rainfall
patterns (and the implied change to rainfaltrunoff response) is temporary or reflective of the neafuture?
climate is critical while amending the WAPs, as the recent climate is only relevant if it is reflective of the
near-future climate. While longterm future climate is expected to be highly variable, modelling using
climate projections for the Marne River catchment,similar to the work undertaken for the Barossa PWRA
(DEW 2022)is likely to provide further insight into whether the newuture climate is expected to be similar
to recent climate.

Overall, the historical practice, in general, of using the longest available hydrological data sets in developing
rainfallTrunoff relationships, quantifying resource capacities, defining environmentally sensitive flow
regimes and establishing sustainable &traction limits, requires careful consideration in future. It is common
knowledge that climate has been variable in the past and is expected to be highly variable and uncertain in
the future with the impacts of climate change. This investigation acknowledes both and has attempted to
identify possible shift(s) in rainfall in the recent past due to changing climate (and the drought), and its
implications for catchment rainfall Trunoff responses, to inform future water planning when amending the
WAP.

2 For the life of the amended WAPs (10 years)
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Table 7.1. Median annual rainfall for drought -related periods and post -drought recovery status T All reporting sites

Station name =il
numbers

KEYNETON 23795

MOUNT

PLEASANT 23737

CAMBRAI

KONGOLIA 24513

SEDAN 24531

PALMER 24595

Catchment

Marne River

Marne River/
Saunders
Creek

Marne River

Marne River

Saunders
Creek

PWRA

Marne
Saunders

Marne
Saunders

Marne
Saunders

Marne
Saunders

Marne
Saunders

Period median

Pre-
(mm)

535

651

283

295

416

Drought
(mm)

471

560

282

306

335

Post-
(mm)

479

638

278

281

380

Change from Pre-drought median

Drought
(mm) (%)
-63  -12
-91 -14

-1 0

11 4
-82  -20

(mm)

-55

-13

-36

Post-

Table 7.2. Median winter rainfall for drought -related periods and post -drought recovery status T All reporting sites

Station name Silion
numbers

KEYNETON 23725

MOUNT

PLEASANT 23737

CAMBRAI

KONGOLIA 24513

SEDAN 24531

PALMER 24525

Table 7.3. Median spring rainfall for drought -related periods and post -drought recovery status TAll sites

Station name Silion
numbers

KEYNETON 23725

MOUNT

PLEASANT 23737

CAMBRAI

KONGOLIA 24513

SEDAN 24531

PALMER 24525

Catchment

Marne River

Marne River /
Saunders
Creek

Marne River

Marne River

Saunders
Creek

Catchment

Marne River

Marne River /

Saunders
Creek

Marne River

Marne River

Saunders
Creek

PWRA

Marne
Saunders

Marne
Saunders

Marne
Saunders

Marne
Saunders

Marne
Saunders

PWRA

Marne
Saunders

Marne
Saunders

Marne
Saunders

Marne
Saunders

Marne
Saunders

Period median

Pre-
(mm)

210

267

85

90

148

Drought
(mm)

168

248

81

103

127

Period median

Pre-
(mm)

138

174

75

83

110

Drought
(mm)

106

136

69

69

78

Post-
(mm)

182

257

78

86

146

Post-
(mm)

97

126

65

72

85

Change from Pre-drought median

Drought
(mm) (%)
-42 -20
-19 -7
-3 -4
13 14
-21 -14

Change from Pre-drought median

Drought
(mm) (%)
-32 -23
-38 -22
-7 -9
-15 -18
-32 -29

Post-
(mm)

-27

-10

Post-
(mm)

-42

-48

-10

-11

-24

(%)
-10

-2

(%)
-13

-4

(%)
-30

-28

-14

-13

-22

Post-drought recovery
status

Partially recovered

Partially recovered

Yet to recover

Yet to recover

Partially Recovered

Post-drought recovery
status

Partially recovered

Partially recovered

Yet to recover

Yet to recover

Partially recovered

Post-drought recovery
status

Yet to recover

Yet to recover

Yet to recover

Partially recovered

Partially recovered
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Table 7.4. Median autumn rainfall for drought -related periods and post -drought recovery status T All reporting sites

Station name

KEYNETON

MOUNT
PLEASANT

CAMBRAI
KONGOLIA

SEDAN

PALMER

Station Catchment PWRA i ) _
Period median Change from Pre-drought median
numbers
Pre- Drought Post- Drought Post-
(mm)  (mm)  (mm) (mm) (%) (mm) (%)
23795 Marne River Marne 109 79 104 -30 -27 -5 -4
Saunders
Marne River / Marne 140 105 135 -36 -25 -5 -3
23737 Saunders Saunders
Creek
24513 Marne River Marne 59 48 64 -12 -20 5 8
Saunders
24531 Marne River Marne 62 43 56 -18 -30 -5 -9
Saunders
24525 Saunders Mame g, 55 68 26  -32  -13 .16
Creek Saunders

Table 7.5. Median summer rainfall for drought -related periods and post -drought recovery T All reporting sites

Station name

KEYNETON

MOUNT
PLEASANT

CAMBRAI
KONGOLIA
SEDAN

PALMER

Station Catchment PWRA i _ _
Period median Change from Pre-drought median
numbers
Pre- Drought Post- Drought Post-
(mm)  (mm)  (mm) (mm) (%) (mm) (%)
23795 Marne River Marne 53 80 43 27 51 -10 -19
Saunders
Marne River / Marne 65 68 68 3 4 3 5
23737 Saunders Saunders
Creek
24513 Marne River Marne 45 66 48 22 48 3 7
Saunders
24531 Marne River Marne 38 66 50 29 77 13 34
Saunders
2455, Saunders Marne 52 59 49 7 12 -3 -6
Creek Saunders

Post-drought recovery
status

Partially recovered

Partially recovered

Recovered

Partially recovered

Partially recovered

Post-drought recovery
status

Yet to recover

Recovered

Recovered

Recovered

Yet to recover
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Table 7.6. Mann-Kendall Test results for rainfall sites in Marne - Saunders PWRA (1900 to 2024)

Period

Annual

Summer
Autumn
Winter
Spring

January
February
March
April

May

June

July
August
September
October
November

December

Keyneton (23725)

tau
-0.140

0.042
-0.063
-0.123
-0.132

0.035
-0.011
-0.024
0.012
-0.066
-0.110
-0.029
-0.099
-0.096
-0.104
0.074
0.029

p-val
0.021

0.493
0.302
0.042
0.029

0.571
0.854
0.690
0.843
0.279
0.070
0.639
0.103
0.113
0.086
0.220
0.636

Mount Pleasant (23737)

tau
-0.105

0.054
-0.069
-0.050
-0.156

0.064
-0.031
-0.053
-0.040
-0.013
-0.082
0.010
-0.047
-0.114
-0.108
-0.002
0.025

p-val
0.082

0.371
0.254
0.409
0.010

0.294
0.611
0.386
0.512
0.828
0.173
0.869
0.439
0.060
0.075
0.976
0.679

Cambrai Kongolia

(24513)

tau p-val
-0.015 0.811
0.097 0.109
-0.022 0.722
-0.100 0.100
-0.028 0.643
0.047 0.445
0.011 0.864
-0.043 0.484
0.030 0.617
-0.043 0.475
-0.116 0.056
-0.004 0.944
-0.071 0.244
-0.094 0.121
-0.068 0.264
0.090 0.136
0.078 0.197

Sedan (24531)

tau
-0.014

0.092
-0.045
-0.042
-0.049

0.070
0.029
-0.042
0.062
-0.047
-0.083
0.038
-0.068
-0.087
-0.068
0.098
0.058

p-val
0.818

0.130
0.460
0.492
0.420

0.252
0.631
0.485
0.305
0.439
0.171
0.536
0.259
0.153
0.262
0.105
0.342

Palmer (24525)

tau p-val
-0.109 0.072
0.071 0.241
-0.108 0.075
-0.069 0.256
-0.128 0.035
0.114 0.060
0.001 0.990
-0.087 0.150
-0.012 0.849
-0.052 0.389
-0.068 0.264
-0.001 0.991
-0.040 0.515
-0.149 0.014
-0.087 0.150
0.051 0.404
0.022 0.723
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Table7.7.1 RGHY YU WA ¢ Ut WE ¢-téstitesUlts fatiradihalFsiies i Marne Saunders PWRA (1900 to 2024) for drought period

Period

Annual

Summer
Autumn
Winter
Spring

January
February
March
April

May

June

July
August
September
October
November

December

Table7.8.1 RGHY+ YUWA ¢ Ut WE e-téstiesUlts farirdihfalisiies ih Menne Saunders PWRA (1900 to 2024) for WAP period
Mount Pleasant (23737)

Period

Annual

Summer
Autumn
Winter
Spring

January
February
March
April

May

June

July
August
September
October
November

December

Keyneton (23725)

Wil.
0.020

0.929
0.021
0.108
0.025

0.826
0.695
0.396
0.194
0.063
0.476
0.233
0.036
0.094
0.032
0.847
0.684

Wel.
0.014

0.884
0.008
0.086
0.092

0.598
0.626
0.509
0.165
0.002
0.393
0.321
0.031
0.089
0.012
0.842
0.660

Keyneton (23725)

Wil.
0.269

0.828
0.496
0.454
0.031

0.466
0.568
0.660
0.691
0.160
0.369
0.534
0.399
0.022
0.031
0.833
0.826

Wel.
0.221

0.703
0.385
0.321
0.148

0.302
0.491
0.642
0.608
0.129
0.396
0.500
0.297
0.064
0.040
0.884
0.846

Mount Pleasant (23737)

Wil.
0.022

0.814
0.018
0.297
0.014

0.872
0.369
0.210
0.035
0.296
0.663
0.241
0.084
0.062
0.031
0.473
0.489

Wil.
0.474

0.923
0.579
0.635
0.064

0.591
0.631
0.687
0.587
0.402
0.580
0.454
0.526
0.023
0.032
0.852
0.920

Wel.
0.016

0.814
0.006
0.187
0.045

0.597
0.462
0.333
0.041
0.030
0.593
0.335
0.067
0.070
0.020
0.531
0.646

Wel.
0.467

0.900
0.502
0.473
0.164

0.466
0.753
0.510
0.634
0.348
0.579
0.400
0.471
0.076
0.048
0.899
0.906

Cambrai Kongolia

Wil.
0.290

0.971
0.125
0.079
0.196

0.855
0.602
0.217
0.206
0.170
0.414
0.303
0.035
0.177
0.046
0.914
0.883

(24513)
Wel.

0.187

0.946
0.065
0.055
0.358

0.767
0.538
0.317
0.357
0.019
0.511
0.094
0.018
0.245
0.104
0.896
0.836

Cambrai Kongolia

Wil.
0.351

0.953
0.642
0.168
0.142

0.565
0.624
0.631
0.609
0.225
0.527
0.211
0.392
0.105
0.008
0.938
0.900

(24513)
Wel.

0.408

0.877
0.485
0.206
0.204

0.477
0.644
0.684
0.701
0.084
0.590
0.111
0.220
0.148
0.023
0.917
0.875

Sedan (24531)

Wil.
0.479

0.984
0.097
0.339
0.196

0.927
0.811
0.291
0.416
0.091
0.691
0.506
0.044
0.208
0.050
0.913
0.759

Wel.
0.425

0.968
0.057
0.284
0.438

0.856
0.741
0.365
0.506
0.003
0.708
0.462
0.058
0.295
0.144
0.904
0.768

Sedan (24531)

Wil.
0.392

0.884
0.579
0.145
0.123

0.638
0.733
0.591
0.733
0.157
0.511
0.200
0.299
0.077
0.009
0.930
0.775

Wel.
0.388

0.817
0.492
0.157
0.276

0.506
0.579
0.701
0.725
0.069
0.571
0.141
0.168
0.140
0.049
0.928
0.823

Palmer (24525)
Wil. Wel.
0.026 0.023
0.768 0.670
0.020 0.019
0.058 0.047
0.037 0.082
0.868 0.529
0.641 0.579
0.238 0.417
0.110 0.094
0.141 0.006
0.401 0.433
0.149 0.083
0.116 0.058
0.017 0.014
0.050 0.047
0.913 0.879
0.473 0.637
Palmer (24525)
Wil. Wel.
0.447 0.429
0.879 0.792
0.320 0.433
0.377 0.425
0.078 0.185
0.663 0.463
0.580 0.558
0.496 0.639
0.428 0.414
0.164 0.205
0.660 0.641
0.328 0.275
0.504 0.407
0.016 0.055
0.043 0.052
0.943 0.939
0.908 0.856
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Figure 7.1. Annual and decadal rainfall plots T Keyneton (23725), Marne Saunders PWRA
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Figure 7.2. Annual and decadal rainfall plots T Cambrai Kongolia (24513) Marne Saunders PWRA
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CUSUM of annual rainfall at BoM site 23725, 1900 to 2024
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Figure 7.5. CUSUM charts of annual rainfall (1900 to 2024) Keyneton (23725) Marne Saunders PWRA
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CUSUM of annual rainfall at BoM site 24513, 1900 to 2024
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Figure 7.7. CUSUM charts of annual rainfall (1900 to 2024) Sedan(24531), Marne Saunders PWRA
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CUSUM of annual rainfall at BoM site 24525, 1900 to 2024
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Figure 7.8. CUSUM charts of annual rainfall (1900 to 2024) Palmer (24525) Marne Saunders PWRA
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Figure 7.9. CUSUM charts of seasonal rainfall (1900 to 2024) Keyneton (23725) Marne Saunders PWRA
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Figure 7.10. CUSUM charts of seasonal rainfall (1900 to 2024) Cambrai Kongolia (24513) Marne Saunders PWRA
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Figure 7.11. CUSUM charts of seasonal rainfall (1900- 2024) Sedan (24531), Marne Saunders PWRA
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Figure 7.12. CUSUM charts of seasonal rainfall (1900 to 2024) Palmer (24525) Marne Saunders PWRA
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Figure 7.13. CUSUM charts of monthly rainfall (1900 to 2024) for Keyneton (23725) Marne Saunders PWRA
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Figure 7.14. CUSUM charts of monthly rainfall (1900 to 2024) for Cambrai Kongolia (24513) Marne Saunders PWRA
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