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Executive summary

The objective of this report is to examine the influence of climate and catchment processes on
runoff within the Murray-Darling Basin (MDB), with particular attention on the northern Basin and
on factors that can alter hydroclimate characteristics and dominant hydrological processes,
commonly referred to as 'hydrologic non-stationarity'. This analysis, which concentrates on trends
and variability at the annual level, covers the period from 1970/71 to 2021/22. The findings of this
study provide an updated assessment of the MDB's hydrological dynamics, complementing
previous analyses conducted by the MDBA, CSIRO and Basin State agencies. The key findings from
the data synthesis and analysis from the first year of this study are summarised below. This will be
followed by more detailed assessments including modelling in the next year.

e Rainfall has declined over most of the MDB, particularly in the northern and southern Basin
uplands, where most of the basin's runoff is generated. The decrease is statistically significant
during the cool months (May to Oct) and particularly in the southern Basin, impacting runoff
generation processes.

e Evaporative demand has statistically significantly increased across the MDB, largely because of
the increase in temperature. This increase can amplify the decrease in rainfall and lead to
decreased runoff.

e Runoff has mostly decreased across the MDB, with statistically significant declines in the
southern Basin uplands and slopes, and the northern Basin uplands. The decline is primarily
observed during the cool season.

e Actual evapotranspiration (ET.) has declined over most of the MDB, except for densely
forested areas in the southern MDB uplands. These declines occur throughout the year,
indicating a shift towards ecosystem water limitation in some areas.

e The southern Basin exhibits significant "greening" trends (increase in Leaf Area Index (LAl)),
while the northern MDB does not show significant changes in vegetation LAI.

e Groundwater level has generally declined in bore observations in some northern MDB valleys,
primarily attributed to reduced groundwater recharge from reduced rainfall and groundwater
extraction for irrigation, potentially leading to disconnection of the vadose zone from streams.

e GRACE Groundwater Storage (GWS) anomalies indicate a prolonged dry period during the
Millennium Drought, followed by wetter conditions during the La Nifia years. However, the
northern MDB has experienced a consistent drying trend since 2012/13.

e [rrigation water use changed little during the Millennium Drought and the 2017-2019 dry
period. The irrigated surface area reduced during the drought but with more water applied to
the smaller irrigated area.

e Farm dams across the MDB have shown growth, particularly during the 1990s and the
Millennium Drought. However, growth rates have slowed since 2010. Farm dams can
contribute to reductions in runoff, especially during low flow periods, and may compound the
effects of reduced rainfall and water scarcity in the MDB.

v | CSIRO Australia’s National Science Agency



1 Introduction

1.1 Background

In the last 30 years the Murray-Darling Basin (MDB) has experienced some of the lowest rainfall
periods since instrumental records began, including the 1997-2009 “Millennium Drought”. In the
northern MDB (all catchments that flow into the Darling River north of its junction with the
Murray River, Figure 1) the extremely dry period from January 2017 to December 2019 was the
lowest on record “...by a substantial margin, breaking records originally set during the Federation
Drought in 1900-1902” (BoM, 2020). These exceptionally dry conditions resulted in very low
inflows into major reservoirs, and by January 2020 a record low 254 GL out of 4,708 GL (5.4%) was
stored in northern Murray-Darling Basin reservoirs (BoM, 2020).

Chiew et al. (2022), in an MD-WERP tactical project, evaluated the causes of reduced flow in the
Barwon-Darling River, the major delivery channel for waters out of the northern Basin into the
southern Basin and Murray River. The evaluation identified the dry climate of the past two
decades and historical water resource development (water infrastructure and water extraction for
irrigation and other productive activities) as the main drivers of the reduced flow. The evaluation
also highlighted that climate change and catchment development can modify hydroclimate
characteristics and dominant hydrological processes (i.e., ‘hydrologic non-stationarity’), which
under dry climates can further reduce annual runoff generated from the same amount of annual
rainfall (Chiew et al., 2014). These climate-runoff relationships straying from expected ones have
been observed in flows in northern Basin catchments, particularly during the Millennium Drought
(Amirthanathan et al., 2023; Rassam et al., 2017).

Compared to studies focused on catchments in the southern Basin or similar climatic and
biophysical settings in Australia (Deb et al., 2019; Fowler et al., 2022; Peterson et al., 2021; Saft et
al., 2016), there have been very few studies on the drivers of hydrological non-stationarity on
catchment runoff and inflow into rivers in the northern Basin. Flows are more variable in the
northern Basin than in the south (Grafton et al., 2022; MDBA, 2018) because of the highly variable
tropical and extratropical summer (December to February) rainfall as opposed to extratropical
winter and spring rainfall fronts in the southern Basin (Gallant et al., 2012). Many northern Basin
catchments cease to flow during long dry spells and high flow episodes and floods are also
common after dry spells. Analyses and related findings in the southern Basin should be evaluated
in the northern Basin as its hydrological setting is markedly different and alterations of
hydrological influences continue (e.g., farm dams, land cover change). Findings that streamflow in
many drier, flatter, mostly grassland southern Basin catchments does not recover long after
returning to wetter conditions is of high relevance to the northern Basin (Peterson et al., 2021).

The aim of this study is to assess the reduction in “natural” catchment runoff or streamflow
caused by changes in climatic and landscape characteristics. Understanding the dominant drivers
contributing to non-stationary processes will in turn inform the development of more robust
catchment hydrological models. This is key for understanding future water availability, as Australia
is experiencing increased evaporative demand and changed rainfall patterns as a result of climate
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change (CSIRO and BoM, 2022), with a projected median decline in mean annual runoff of 20% in
the northern Basin under 2°C global average warming (Whetton and Chiew, 2021).
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Figure 1. River valley divisions of the Murray-Darling Basin (southern valleys in blue outline, northern in maroon
outline), including irrigable areas (coloured by irrigation district), selected groundwater bores and terrain types
(landforms) based on topography and elevation. Upper-right inset shows mean annual rainfall for 1970-2018.

This report focuses on recent changes across the MDB that are likely to influence hydrological non-
stationarity. This is performed by synthesising, processing, curating and analysing (i) observed
hydroclimate data (rainfall, evaporative demand, runoff, groundwater), (ii) remotely sensed data
on landscape dynamics (actual evapotranspiration (ETa), vegetation, groundwater storage) and (iii)
data on anthropogenic impacts including irrigation water use and farm dams. This initial analysis,
which will be followed by more detailed assessments including modelling in the next year, focuses
on observed trends and variability mainly at the annual level (i.e., hydrological year from July to
next June, hereafter referred to as annual). The annual timeseries analysis is used to illustrate
overall changes in magnitudes and variability, both temporally and spatially. Further analysis will
focus on seasonal and event dynamics, which play a key role in processes explanation in the
southern Basin (Fowler et al., 2022; Fu et al., 2023). The data used in this study comes mainly from
independent operational products providing estimates of key hydrological variables over the long-
term (i.e., two or more decades). Table 1 provides a summary of key data sources and analysis
periods used in this assessment.
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Table 1. Summary of main datasets, period of analysis, description, and references.

VARIABLES PERIOD DESCRIPTION REFERENCE

Rainfall 1970/71-2021/22 Australian Gridded Climate Data (AGDC) rainfall Evans et al. (2020)
with a spatial resolution of 0.05°.

Evaporative demand 1970/71-2021/22  Daily gridded areal potential evapotranspiration Frost and Shokri (2021)
for Australia with a spatial resolution of 0.05°
calculated using the Morton wet-environment
algorithm in the Complimentary Relationship
Areal Evaporation (CRAE) model (Morton, 1983).
Data from the Australian Water Outlook (AWO).

Actual evapotranspiration 1970/71-2021/22 Hourly global gridded actual evapotranspiration Murfioz-Sabater et al.
from ERA5-Land with a spatial resolution ~0.1° (2021)

Runoff 1970/71-2021/22  Daily gridded runoff for Australia with a spatial Frost and Shokri (2021)
resolution of 0.05° calculated from the Australian
Landscape Water Balance model version 7
(AWRA-L v7). Data from the Australian Water
Outlook (AWO).

Groundwater level 1971-2021 Quiality-controlled depth to water table (DTW) BoM (2021)
bore data for Australia from the National
Groundwater Information System (NGIS) Version

1.7.0.
Groundwater storage 2003-2022 Monthly global Gravity Recovery and Climate Wiese et al. (2016)
anomaly Experiment (GRACE) Mascon with Coastline

Resolution Improvement (CRI) filter equivalent
water thickness anomalies with a spatial
resolution of 0.5°.

Leaf Area Index 2000/01-2021/22  8-day global MOD15A2H V6.1 MODIS combined Knyazikhin et al. (1998)
Leaf Area Index (LAI) with a spatial resolution of
~0.05°.

Farm dam development 1986-2020 Year of commission and spatial location for Malerba et al. (2021)

727,081 farm dams in the Murray-Darling Basin.

Actual evapotranspiration 200001-2021/22 Monthly averaged actual evapotranspiration from Guerschman et al. (2022)
from irrigable areas irrigable areas in the Murray-Darling Basin.

The analyses are generally performed for the entire MDB. Besides some analyses performed at the
pixel scale (of the relevant product), results are also aggregated for the northern and southern
MDB which in turn are disaggregated by landforms (see GA, 2008) as follows (see also Figure 1):
uplands (generally upland catchments where most of the MDB’s runoff is generated), slopes, and
lowlands (where floodplains are located). The analysis period is generally from the 1970/71 to
2021/22, except for some remotely sensed products for which data are only available from the
2000s (see Table 1). The analyses of trends and anomalies (i.e., removing the annual average to
highlight periods above/below the mean) are performed from 1970/71 to 2021/22 or the entire
period until 2021/22 in the case of remote sensing products. This baseline is adopted to reflect the
changing climate (WMO, 2017) and improvements in the density of observational networks (Evans
et al., 2020). In addition, the start year and end year of the trend analysis are above average in
terms of rainfall, and the start year concurs with changes in the location of droughts and wet
hotspots since the 1970s (Verhoeven et al., 2022). Trends are computed using the Mann-Kendall
(Kendall, 1975) test and the associated regression coefficients are based on Theil-Sen estimators
(Sen, 1968).
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It is noted that as the datasets used in the analysis are independent and derived from different
observation techniques, retrieval algorithms or obtained through modelling, there is considerable
uncertainty in the different variables of the water balance (particularly ET,). In the semi-arid MDB,
runoff is the difference of two large water balance variables, rainfall and ET,, the errors in these
independent datasets result in a lack of water balance closure. Notwithstanding the errors, the
emphasis of this analysis is in using diagnostic datasets that include landscape dynamics which can
reveal spatiotemporal differences in hydrological catchment functioning. A more comprehensive
evaluation of the water balance and its components will be performed next year.

Firstly, Section 2 focuses on changes in climate inputs rainfall, evaporative demand, and runoff.
Section 3 follows with changes in vegetation dynamics. This includes ET, (which is the second
largest water balance term after rainfall) and changes in vegetation phenology through Leaf Area
Index (LAI). Section 4 describes changes in groundwater level and groundwater storage. Lastly,
Section 5 focuses on anthropogenic impacts like irrigation and farm dam development. Section 6
provides a summary and recommendations.

4 | CSIRO Australia’s National Science Agency



2 Climate and runoff

2.1 Rainfall

Spatiotemporal rainfall variability in the MDB is high compared to other basins worldwide due to
the influence of many climate drivers (Gallant et al., 2012; Nicholls et al., 1997). In the MDB the
first half of the 20t century experienced mostly drier than average conditions, followed by
generally wet years in the 1950s and the 1970s (Figure 2). Annual rainfall in the last two decades in
the MDB has been dominated by dry years, except for La Nifia years in 2010/11 and 2011/12 and
from 2020/21 to 2022/23 (Figure 2).
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Figure 2. Murray-Darling Basin (MIDBA) hydrological year (July to next June) rainfall anomaly for 1900/01-2021/22
(with 11-year running mean in black). Anomaly based on 30-year climatology (1961-90). Source: Bureau of
Meteorology website http://www.bom.gov.au/climate/.

Basin averaged mean annual rainfall (1970/71-2021/22) is about 480 mmy!, with high spatial
(Figure 3) and temporal (Figure 4) variations. Annual rainfall >2,000 mmy* occurs in the
mountainous areas in the southeast, whereas rainfall is around 300 mmy* in the Basin’s west. The
coefficient of variation on annual rainfall (standard deviation divided by the mean, expressed in
percentage) is 22%. Mean annual rainfall in the northern MDB is about 500 mmy (range
241-1,236 mmy) and around 455 mmy* (range 210-2,142 mmy) in the southern Basin. About
310 mm (62%) falls in the northern basin during the warm months (November to March).
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Conversely, about 250 mm (55%) falls in the southern Basin during the cool months (April to
October). These months, i.e., November to March in the northern basin, and April to October in
the southern Basin, define the wet seasons in these respective parts of the MDB, although some
areas experience similar amounts of cool and warm season rainfall.

Trends calculated for 1970/71-2021/22 show mostly declines in annual rainfall (Figure 3), with
significant declines (p<0.1) of around 2 mmy2 estimated in parts the northern Basin uplands,
amounting to a decline of about 104 mm in 52 years. Similarly, significant declines (p<0.1) of
around 3 mmy2 are estimated in parts of the southern Basin uplands. This is a decline of about
156 mm over 52 years in these areas. There are also significant declines in the southern Basin
slopes in the south.

AGCD 1970-2021 mean water-year (July-June) rainfall AGCD 1970-2021 May-Oct rainfall AGCD 1970-2021 Nov-Apr rainfall
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Figure 3. Spatial distribution of Australian Gridded Climate Dataset (AGCD) rainfall and associated trends in the
Murray-Darling Basin (MDBA). The first column shows mean annual (July to next June) rainfall, the middle column
May to October rainfall (i.e., the cool months), and the third column November to next April rainfall (i.e., the warm
months). The stipple (black dots) shows 0.05° pixels with significant trends (p<0.1). Note the different colour scales
used for each plot.

The declines in both northern and southern Basin are driven by significant declines in cool season
(May—0ct) rainfall, in part of the uplands and slopes in the northern Basin, and almost in the entire
southern Basin. Declines in cool season rainfall in parts of the southeastern southern Basin
uplands is around 4 mmy2, or 208 mm over 52 years. Trends in warm months rainfall show
increases (but not statistically significant) in the southeastern southern Basin uplands and slopes,
and scattered areas in the northern Basin. The analysis with updated data strengthens the notion
that the dominance of cool season rainfall over warm season rainfall in the southern Basin has
weakened (Whetton and Chiew, 2021). In addition, Dey et al. (2020) shows significant negative
trends in longer duration rainfall events (>3 days) in uplands both in the northern and southern
MDB. Also confirming findings for rainfall stations in the northern MDB in Chiew et al. (2022),
declining rainfall in dry (cool months) season months in the northern MDB may reduce water
availability as drier catchment conditions before wet season rains can amplify reductions in runoff
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(Chiew, 2006). Rainfall characteristics for the entire MDB and the associated landforms is
summarised in Table 2.

Rainfall anomalies for the landforms in the northern and southern Basins reflect the variability and
the dominating dry conditions in the last two decades (Figure 4). In 2017/18-2019/20 rainfall
anomalies were on average 30% (220 mmy!) below mean annual rainfall in the northern MDB
uplands, the runoff generating area of the northern Basin.

In the northern Basin, most years were below average from 2010/11 to 2019/20, and
2017/18-2019/20 had characteristics of a ‘flash drought’ (i.e., abnormally high temperatures,
strong winds, increased solar radiation besides rainfall deficits) after the rapid decline of wetter
than average conditions prevailing in 2016/17 (Nguyen et al., 2021). Much less is known about the
drivers of dry periods in the northern Basin and if there is a similar non-stationary response
beyond the ‘flash drought’ years, although research analysing climate drivers, such as the role of
oceanic moisture sources also point to reductions in the cool season rainfall in 2017/18-2019
(Holgate et al., 2020; Taschetto et al., 2023).
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Figure 4. Annual (July to next June) Australian Gridded Climate Dataset (AGCD) rainfall anomalies for
1970/71-2021/22 anomalies averaged for landforms (each row) across the Murray-Darling Basin (MDBA).
Anomalies based on the 1970/71-2021/22 baseline year. The left column shows averages for the northern Basin
landforms, the right column shows averages for the southern Basin landforms.

The causality of the ‘Millennium drought’, i.e. multi-annual reduction in cool season rainfall, has
been studied in detail, from seasonal and event perspectives (Gallant et al., 2012; Verdon-Kidd
and Kiem, 2009), large scale drivers (King et al., 2014; Post et al., 2014; van Dijk et al., 2013) and
resulting post-drought non-stationarity in southern Basin catchments (e.g., Fowler et al., 2022;
Saft et al., 2016). The 2017/18-2019/20 drought, recent wet La Nifia years and the twofold
increased risk of an El Nifio (http://www.bom.gov.au/climate/enso/, issued on 23 May) occurring
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this year and the potential dry climate it may bring will provide more opportunities to assess non-
stationarity in the northern Basin.

Table 2. Summary of rainfall characteristics in the Murray-Darling Basin (MDB) and associated landforms.
Significant (p<0.1) trends in bold. NMDBU=Northern MDB Uplands, NMDBS= Northern MDB Slopes, NMDBL=
Northern MDB Lowlands. Similar nomenclature is used for the southern MDB (SMDB).

Annual (Jul-Jun) Cool months (May-Oct) Warm months (Nov-Apr)

Landform Mean Coefficient Trend Mean Coefficient Trend Mean Coefficient Trend

(mmy?) of variation  (mmy?) (mmy?) ofvariation (mmy?) (mmy?!) ofvariation (mmy?)

(%) (%) (%)
MDB 480 22 -1.34 218 32 -1.39 261 31 -0.30
NMDBU 721 18 -1.68 294 34 -1.43 426 22 -0.19
NMDBS 523 24 171 184 41 -0.84 337 29 -0.60
NMDBL 392 31 -1.02 156 43 -0.75 235 45 -0.51
SMDBU 920 18 -1.87 513 27 2.41 406 30 0.59
SMDBS 594 22 -1.60 325 30 -1.90 268 38 0.49
SMDBL 350 29 -1.04 189 34 -1.56 160 48 0.23
2.2 Evaporative demand

Evaporative demand, or potential evapotranspiration (PET) characterises the atmospheric demand
for moisture from the land surface. PET is driven by climate variables such as temperature, solar
radiation, relative humidity, and wind. If rainfall supply is low, soil moisture content is reduced
through ET, (Rodriguez-lturbe et al., 1999), with dry catchment conditions inhibiting runoff
production.

Budyko (1974) described long-term catchment balances with the supply-demand framework using
the ratio of PET to rainfall (Figure 5), namely the dryness index. Dryness index<1 denotes energy-
limited environments (supply or rainfall exceeding demand or PET), whereas dryness index>1
denotes water-limited environments. Around 98% of the MDB is considered water limited (Figure
5), with the areas mostly in the forested mountainous southeast being energy limited. Figure 5
(left panel) shows the Budyko curve, as water limitation increases then ET, approaches rainfall
hence runoff is small. Conversely, as water availability increases, then ET, becomes closer to PET
and more rainfall is converted into runoff (McVicar et al., 2012). In the MDB, rainfall is seasonal
and variable, hence environments ‘straddle’ the threshold between the two limitations. According
to McVicar et al. (2012) the areas where 0.75 < dryness index < 1.5 can be considered ‘equitant’,
which cover around 2.5% of the MDB. Increased PET can trigger a transition from energy limited to
water limited environments, with concurrent reductions in runoff as less rainfall is partitioned into
runoff.
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Figure 5. Budyko framework for annual water and energy balances (source: Trancoso et al. (2016)) and dryness
index (PET/P) in the Murray-Darling Basin. AET=actual evapotranspiration, PET=potential evapotranspiration,
P=rainfall.

Basin averaged mean annual PET (1970/71-2021/22) is 1,481 mmy! (range 802-1,747 mmy?,
Figure 6). Annual PET <1,100 mmy* occurs in the mountainous areas in the southeast, whereas
PET >1,400 mmy* occurs in the northern basin slopes. Mean annual PET in the northern MDB is
about 1,592 mmy? (range 1,178-1,747 mmy') and around 1,357 mmy! (range 803-1,531 mmy)
in the southern Basin.
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Figure 6. Spatial distribution of Australian Water Outlook (AWO) evaporative demand (or potential
evapotranspiration, PET) and associated trends in the Murray-Darling Basin (MDBA). The first column shows mean
annual (July to next June) PET, the middle column May to October PET (i.e., the cool months), and the third column
November to next April PET (i.e., the warm months). The stipple (black dots) shows 0.05° pixels with significant
trends (p<0.1). Note the different colour scales used for each plot.

PET has significantly (p<0.1) increased from 1970/71 to 2021/22 in most of the MDB (Figure 6),
both during the cool months and warm months. The significant increase in annual PET in the
northern Basin is of 1.65 mmy2, or 86 mm from 1970/71 to 2021/22. The significant increase in
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the southern Basin is 0.90 mmy?, or 47mm from 1970/71 to 2021/22. In the cool and warm
months, increases in most of both northern and southern MDB are significant. Temperature is the
most important variable for PET in Australia (Guo et al., 2017) and it has been steadily increasing
across the MDB, particularly since the 1950s (Whetton and Chiew, 2021). During the
2017/18-2019/20 drought, there were several maximum temperatures records in the northern
Basin, coupled with clear skies and increased radiation (BoM, 2020). Table 3 summarises PET
characteristics for the entire MDB and its landforms.

PET anomalies over the MDB landforms show the dominance of above average PET during the last
30 years. Anomalies after the below average years 2010/11 and 2011/12 and until 2020/21
generally exceeded 50 mmy! in the northern Basin landforms. Anomalies since 2020/21 were
lower than average due to prevailing wet and cool La Nifia conditions.
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Figure 7. Annual (July to next June) Australian Water Outlook (AWO) evaporative demand (PET) anomalies for
1970/71-2021/22 averaged for landforms (each row) across the Murray-Darling Basin (MDBA). Anomalies based on
the 1970/71-2021/22 baseline year. The left column shows averages for the northern Basin landforms, the right
column shows averages for the southern Basin landforms.

PET plays a primary role in runoff generation (Trancoso et al., 2016) and its use can aid predicting
droughts within a few weeks (Nguyen et al., 2021; Parker et al., 2021). The trends in Figure 6 show
that PET is significantly increasing during wet seasons in both northern and southern MDB, which
can exacerbate runoff decreases during long dry spells (Fowler et al., 2022).
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Table 3. Summary of potential evapotranspiration (PET) characteristics in the Murray-Darling Basin (MDB) and
associated landforms. Significant (p<0.1) trends in bold. NMDBU=Northern MDB Uplands, NMDBS= Northern MIDB
Slopes, NMDBL= Northern MDB Lowlands. Similar nomenclature is used for the southern MDB (SMDB).

Annual (Jul-Jun) Cool months (May-Oct) Warm months (Nov-Apr)
Landform Mean Coefficient Trend Mean Coefficient Trend Mean Coefficient Trend
(mmy?)  ofvariation (mmy?) (mmy?) ofvariation (mmy32) (mmy?!) ofvariation (mmy?)
(%) (%) (%)
MDB 1481 4 1.23 521 7 0.49 960 7 0.73
NMDBU 1496 5 1.84 536 8 0.74 960 8 1.11
NMDBS 1647 4 1.80 608 7 0.76 1038 7 1.15
NMDBL 1565 4 1.22 558 7 0.37 1007 7 0.86
SMDBU 1260 5 1.43 399 9 0.71 861 9 0.69
SMDBS 1391 4 1.04 453 8 0.53 938 8 0.54
SMDBL 1369 4 0.75 468 8 0.29 900 8 0.38
2.3 Runoff

The quantification and prediction of runoff is crucial for water resources management. In the
mostly water limited MDB, runoff is the difference of the two much larger terms of the water
balance, rainfall and ET,. High spatiotemporal rainfall variability (Section 2.1) and water limited
conditions in the MDB (Section 2.2) make the estimation of runoff difficult (Pilgrim et al., 1988).
The sensitivity of runoff to climate inputs in the MDB is high, whereby proportional changes in
mean annual runoff divided by the proportional changes in mean annual rainfall are higher that in
many other basins globally (Chiew et al., 2006; Tang and Lettenmaier, 2012).

Estimates of runoff for the MDB are computed using the Australian Landscape Water Balance
model version 7 (AWRA-L v7, Frost and Shokri, 2021). Various changes in the model’s structure
and calibration to capture water balance dynamics represented by the Gravity Recovery and
Climate Experiment (GRACE) allowed a better representation (compared to the other national
models trialled) of streamflow and its ephemerality or cease to flow characteristics (Frost et al.,
2021). Basin averaged mean annual runoff (1970/71-2021/22) is about 30 mmy!, with high spatial
(Figure 8) and temporal (Figure 9) variations. Annual runoff >1,000 mmy* occur in the
mountainous areas in the southeast, whereas runoff is <10 mmy! in the Basin’s west. The mean
annual coefficient of temporal variation is 48%. Mean annual runoff in the northern MDB is about
25 mmy* (range 0.7-347 mmy?) and around 34 mmy* (range 0.1-1,164 mmy™) in the southern
Basin. About 17 mm (68%) is generated in the northern basin during the warm months (November
to March). Conversely, about 22 mm (65%) is generated in the southern Basin during the cool
months (April to October). Table 3 summarises runoff characteristics for the entire MDB and its
landforms.
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Figure 8. Spatial distribution of Australian Water Outlook (AWO) runoff and associated trends in the
Murray-Darling Basin (MDBA). The first column shows mean annual (July to next June) runoff, the middle column
May to October runoff (i.e., the cool months), and the third column November to next April runoff (i.e., the warm
months). The stipple (black dots) shows 0.05° pixels with significant trends (p<0.1). Note the different colour scales
used for each plot.

Trends calculated for 1970/71-2021/22 show mostly declines in annual runoff (Figure 8), these are
mostly located in the southern Basin. Some significant declines (p<0.1) of around 6 mmy2 are
estimated in parts the southern Basin uplands, amounting to about 312 mm over 52 years. There
are some areas with significant declining trends in the northern Basin upland with declines around
1 mmy2. As for rainfall (Figure 3), the declines in the southern Basin are for both cool and warm
months, whereas in the northern Basin the declines are mostly in the cool months (i.e., the dry
season in the northern MDB). Interestingly, the increases in warm season rainfall in the southern
MDB (Figure 3) have generally not translated into increases in warm season runoff (Figure 8)
except for some limited areas in the mountainous areas of the southeast, as reduced cool season
rainfall reduces runoff generating conditions.

Runoff anomalies showcase the variability and the dominating dry conditions in the last two
decades (Figure 9). In 2017/18-2019/20 runoff anomalies were on average 58% (30 mmy) below
mean annual runoff in the northern MDB uplands, the runoff generating area of the northern
Basin. The below average conditions in the slopes in the northern Basin were similar, with average
declines of 62% (14 mmy). In addition, all years from 2000/01 to 2009/10 had 20% below average
anomalies in the northern MDB uplands.
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Figure 9. Annual (July to next June) Australian Water Outlook (AWO) runoff anomalies for 1970/71-2021/22
averaged for landforms (each row) across the Murray-Darling Basin (MIDBA). Anomalies based on the
1970/71-2021/22 baseline year. The left column shows averages for the northern Basin landforms, the right
column shows averages for the southern Basin landforms.

In the southern Basin uplands, 2006/07-2008/09 was 60% (114 mmy) below average conditions.
As pointed out by Potter et al. (2010) these dry periods in both northern and southern Basin
uplands have a ratio of runoff reduction to rainfall reduction about 50% greater than the long term
rainfall elasticity of runoff. These areas generate about 66% of basin flow and are most sensitive to
changes in climatic conditions (Donohue et al., 2011). Besides changes in climate inputs, there are
other catchment processes that influence the partition between rainfall and runoff, including
changes in vegetation dynamics affecting ET,, declines in groundwater storages, and irrigation and
harvesting of runoff by small private dams (Fowler et al., 2022; Wentworth Group of Concerned
Scientists, 2020). Some of these are explored in the next sections.

Table 4. Summary of runoff characteristics in the Murray-Darling Basin (MDB) and associated landforms. Significant
(p<0.1) trends in bold. NMDBU=Northern MDB Uplands, NMDBS= Northern MDB Slopes, NMDBL= Northern MDB
Lowlands. Similar nomenclature is used for the southern MDB (SMDB).

Annual (July-June) Cool months (May-Oct) Warm months (Nov-Apr)
Landform Mean Coefficient Trend Mean Coefficient Trend Mean Coefficient Trend
(mmy?) of variation (mmy?) (mmy?) ofvariation (mmy?2) (mmy?!) ofvariation (mmy?)
(%) (%) (%)

MDB 30 48 -0.21 15 59 -0.17 15 59 -0.03
NMDBU 51 60 -0.39 20 94 -0.20 30 94 -0.11
NMDBS 23 90 -0.08 5 189 -0.02 17 189 -0.01
NMDBL 19 9% -0.09 4 120 -0.03 14 120 -0.05
SMDBU 192 35 -1.29 131 46 -1.33 61 46 -0.20
SMDBS 39 55 -0.42 27 68 -0.36 12 68 -0.06
SMDBL 6 93 -0.05 3 89 -0.04 3 89 0.00
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3 Vegetation

3.1 Actual evapotranspiration

Averaged across the MDB, 94% of rainfall becomes ET, (Donohue et al., 2011). Under hotter and
higher CO, conditions, vegetation response can either increase (through increased leaf area and
forest biomass) or decrease water use (through a decrease in canopy conductance and higher
water use efficiency). ET, often declines under dry conditions due to reduced soil moisture supply,
but can also increase due to evaporative demand and cause rapid depletion of water resources
(Zhao et al., 2022). In the water limited MDB, an increase in ETs can amplify runoff reductions.

Satellite-based ET, models, which capture vegetation dynamics, are often only available since the
2000s. To assess variability and trends since 1970/71, the ERA5-Land (Mufioz-Sabater et al., 2021)
reanalysis product — which includes a leaf area index (LAIl) climatology from MODIS - is used in the
ETaanalysis. Note that the use of MODIS monthly LAl climatology addresses monthly variability,
but not inter-annual variability. It is planned that close to real time LAl will be included in the
model (Mufioz-Sabater et al., 2021). A comparison of ERA-5 Land, the locally calibrated product
CMRSET v2.2 (Guerschman et al., 2022) and PML v2 - a global product calibrated also with
Australian eddy-covariance flux tower data (Zhang et al., 2019) - was undertaken in their
overlapping period (2000/01-2019/20) and is shown in Appendix A. The results of the comparison
indicate that ET, from ERA5-Land is generally suitable to assess trends and variability, although its
estimates vary from those of CMRSET, particularly during the wet 2010/11.

Basin averaged mean annual ET,(1970/71-2021/22) is about 476 mmy 2, with high spatial (Figure
10) and temporal (Figure 11) variations.
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Figure 10. Spatial distribution of ERA5-Land actual evapotranspiration (ETa) and associated trends in the
Murray-Darling Basin (MDBA). The first column shows mean annual (July to next June) ET,, the middle column May
to October ETa (i.e., the cool months), and the third column November to next April ETa (i.e., the warm months).
The stipple (black dots) shows 0.05° pixels with significant trends (p<0.1). Note the different colour scales used for
each plot.
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Annual ET, >1,000 mmy* occurs in the east of the Basin, whereas ET, <400 mmy! happens in the
Basin’s west. The mean annual coefficient of temporal variation is 18%. Mean annual ETain the
northern MDB is about 493 mmy! (range 258-1,106 mmy!) and around 456 mmy! (range
235-1,448 mmy!) in the southern Basin. Warm months (November to March) ET, is 60% (298
mmy) and 55% (253 mmy™) of annual ET, in the northern and southern Basin, respectively. Table
5 summarises ET, characteristics for the entire MDB and its landforms.

Trends calculated for 1970/71-2021/22 show declines in annual ET, (Figure 10) except for the
mountainous and largely forested southeast. Across the basin and annually, ET, is declining
significantly (p<0.1) at 1.87 mmy2. Significant declines are present in most uplands and slopes in
the northern Basins, and uplands, slopes, and lowlands in the south of the southern Basin. Some
pixels with significant declining trends in the northern Basin uplands have declines >3 mmy2 or
156 mm over the 52 years. Declines in parts of the northern Basin uplands occur both in the cool
and warm season months. On average annually, significant declines occur in all landforms in the
northern Basin, whereas significant declines occur only on the southern Basin lowlands (Table 5).

ET. anomalies over the northern MDB uplands in 2017/18-2019/20 were on average 35% (190
mmy!) below mean annual ET, over the entire Basin, and 31% (171 mmy) in the northern MDB
slopes. Anomalies in the southern MDB uplands were lower on average during the same period
but increasing in magnitude in the slopes and lowlands. Across the Basin, the last two decades
have mostly been below average ET,, with the exception of La Nifia years in 2010/2011 and the
following 2011/12, which had favourable rainfall and soil moisture conditions for ET, production.
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Figure 11. Annual (July to next June) ERA5-Land actual evapotranspiration (ETz) anomalies for 1970/71-2021/22
averaged for landforms (each row) across the Murray-Darling Basin (MIDBA). Anomalies based on the
1970/71-2021/22 baseline year. The left column shows averages for the northern Basin landforms, the right
column shows averages for the southern Basin landforms.

It is of note that in 2017/18-2019/20, ET, in the southern Basin uplands did not experience the
same magnitude of negative anomalies as their northern counterpart. Notwithstanding
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differences in rainfall anomalies in these landforms (see Figure 4), with larger decreases in the
northern MDB uplands, the southern MDB uplands had on average a very modest decrease of 5%
(39 mmyt), compared to 27% (190 mmy?) in the northern MDB uplands. These differences are
likely related to the higher density of woody vegetation (i.e., forests) in energy limited areas in the
southern MDB uplands (see Figure B.1., Lucas et al., 2019), whereas woody vegetation is of lower
density in the northern MDB uplands and higher densities are confined to smaller areas (Figure
B.1.). While trees are able to regulate water use during dry periods and have access to deeper soil
water, herbaceous vegetation is more sensitive to higher radiation and/or temperature than
woody vegetation, particularly in low rainfall areas (De Kauwe et al., 2017). Gardiya Weligamage
et al. (2023) found similar small variations in ET, in undisturbed and mostly forested catchments in
Victoria during the Millennium Drought. ET, is sensitive not only to changes in climate but also to
land use changes such as deforestation or plantation forestry, and these changes may also be
affecting ET, in the northern Basin (Roderick and Farquhar, 2011).

Table 5. Summary of actual evapotranspiration (ET.) characteristics in the Murray-Darling Basin (MDB) and
associated landforms. Significant (p<0.1) trends in bold. NMDBU=Northern MDB Uplands, NMDBS= Northern MDB
Slopes, NMDBL= Northern MDB Lowlands. Similar nomenclature is used for the southern MDB (SMDB).

Annual (July-June) Cool months (May-Oct) Warm months (Nov-Apr)

Landform Mean Coefficient Trend Mean Coefficient Trend Mean Coefficient Trend

(mmy?)  ofvariation (mmy?) (mmy?) ofvariation (mmy32) (mmy?!) ofvariation (mmy?)

(%) (%) (%)

MDB 476 19 -1.87 198 22 -1.02 278 22 -1.06
NMDBU 690 13 -1.66 260 16 -0.47 430 16 -1.19
NMDBS 508 22 -2.59 191 30 -1.24 316 30 -1.42
NMDBL 406 27 -1.75 172 35 -1.31 233 35 -0.71
SMDBU 734 8 -0.58 264 5 0.11 470 5 -0.62
SMDBS 607 16 -1.61 257 13 -0.41 350 13 -1.19
SMDBL 381 24 -1.81 183 23 -1.37 198 23 -0.83

It is noted that the forested area in the southeast MDB is experiencing significant reductions in
wet season rainfall and a significant increase in PET and ETa,, with concurrent significant decreases
in runoff. This is evidence of expected vegetation responses to increasing atmospheric CO3,
including ‘greening’ with increased ET,and decreased runoff (Ukkola et al., 2016). Simulations
suggest climate change will bring further shifts towards ecosystem water limitation in current
water-limited regions in the southern MDB (Denissen et al., 2022).

3.2 Vegetation phenology

Changes in vegetation ‘greening’ due to increases in CO; have been observed in shrubland
ecosystems in Australia (Winkler et al., 2021) and catchments in the MDB (Ukkola et al., 2016).
There are also areas within the MDB that have experienced ‘browning’ (Rifai et al., 2022). Figure
12 shows Leaf Area Index (LAI) and associated trends in the MDB for 2000/01-2021/22. Significant
(p<0.1) greening trends (e.g., positive LAl trends) are observed mostly in the southern Basin, in the
southeast uplands and central lowlands. A few areas with significant greening trends are present
in the northern MDB uplands and slopes, but overall, the northern MDB shows no high greening
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nor browning trends. Note that the trends are estimated for the mostly drier than average last
two decades, and some of the dynamics are impacted by bushfires, particularly in 2019/20.
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Figure 12. Spatial distribution of MODIS Leaf Area Index (LAI) and associated trends in the Murray-Darling Basin
(MDBA). The stipple (black dots) shows 0.05° pixels with significant trends (p<0.1).

LAl anomalies showcase differences in the northern and southern basin pertaining to drier than

average periods. Relatively large (>0.2) negative anomalies during the Millennium Drought years in
2002/03-2008/09 occur in the southern Basin uplands and slopes. In contrast, relatively large
anomalies in the northern Basin uplands occur in 2017/18-2019/20. This agrees with ET,

anomalies (Figure 11).
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4 Groundwater

4.1 Groundwater level

Groundwater levels (i.e., depth to water table, DTW) can be a useful integrator of most
hydrological processes occurring in the soil and land surface (rainfall, evapotranspiration,
recharge, extractions and surface-groundwater interactions). Fu et al. (2022) analysed trends in
annual mean/minimum/maximum DTW at selected 910 bores in eight alluvial systems in the MDB
for 1971-2021. Figure 14 shows the bores and mean DTW trends for 524 bores in the northern
Basin (Condamine-Balonne, Gwydir and Namoi). The bores were selected based on continuous
data availability for each year during the study period.
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Figure 14. Spatial distribution of groundwater level trend (1971-2021) or Depth to Water Table (DTW) magnitude
from 524 boreholes located in the northern Murray-Darling Basin (MDBA) and associated landforms (Fu et al.,
2022).

The result of the analysis showcases mostly increasing trends in DTW (pink hues in Figure 14)
attributable to reduction in groundwater recharge from reduced rainfall, and groundwater
extraction for irrigation. Increases in DTW can result in the disconnection of the vadose zone from
streams (Fowler et al., 2022), which is increasingly accepted as one of the main reasons for
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observed catchment rainfall-runoff shifts (Chiew, 2006). A recent study by Crosbie et al. (2023)
used bore data to assess changes in the direction of surface water-groundwater exchanges from
1970 to 2019 and found an increasing trend in losing reaches (i.e., streams contributing to
groundwater) including in the northern Basin uplands (see Crosbie et al., 2023, and references
therein).

4.2 Groundwater storage

The Gravity Recovery and Climate Experiment satellite mission (GRACE) provides estimates of
variations of total terrestrial water storage at regional scales since 2002. GRACE data has been
used to monitor declines in groundwater storage during the Millennium Drought (Leblanc et al.,
2009). As for DTW data, GRACE variations integrate processes in the land surface. Figure 15 shows
monthly storage anomalies of groundwater storage (GWS) averaged over the northern and
southern MDB. GWS was obtained by subtracting the vegetation biomass water store, soil layers
store, surface water store and snow store from the Global Land Data Assimilation System (GLDAS)
2.2 (Li et al.,, 2019). The baseline monthly anomaly was calculated for all months in the period
2003 to 2022. GRACE GWS shows the multiannual dry period during the Millennium drought in
both northern and southern MDB, followed by the wet La Nifia years 2010/11. The positive
anomalies (or slightly negative) lasted 5 years, but in the case of the northern MDB steady drying
since 2012/13 was followed by the declines in 2019/20 and onwards until 2021/22. Only the wet
conditions in 2020/21 and subsequent years allowed the recovery of GWS. Dynamics in the
southern MDB are different in that the recovery from the Millennium Drought included years with
higher positive anomalies, followed by smaller declines in 2019/20 and onwards than in the
northern Basin.
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Figure 15. Monthly groundwater storage anomalies from the Gravity Recovery and Climate Experiment (GRACE)
Mascon solutions for January 2003 to December 2022 averaged for landforms across the Murray-Darling Basin
(MDBA). Anomalies based on the monthly 2003-2022 baseline month. The left column shows averages for the
northern Basin, the right column shows averages for the southern Basin.

GRACE TWS data has been used in several studies in Australia besides monitoring of GWS. It has
been used, inter alia, to evaluate representation of TWS in the AWRA model (van Dijk et al., 2011),
assimilated to improve model deficiencies in simulating trends and seasonality of TWS
(Schumacher et al., 2018), to evaluate rainfall-runoff model structural deficiencies (Fowler et al.,
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2020) and to assess the role of water balance fluxes during the Millennium Drought (Gardiya
Weligamage et al., 2023).
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5 Anthropogenic changes

5.1 Irrigation

The northern MDB is an important cotton production area, using ~1,835 GL of water in 2017/18
(Goesch et al., 2020). The area equipped for irrigation (or irrigable areas, i.e., areas that have
infrastructure to irrigate crops) in the northern MDB is ~10,000 km? (ABARES, 2021).

CMRSET Landsat V2.2 monthly ET, minus rainfall (in volume units of GL) estimates from irrigable
areas in the MDB (~35,200 km?) were aggregated to annual (i.e., water year from July to next
June) and compared to surface water and groundwater take (Figure 16) from the MDBA (2022).
Surface water take include extractions regulated rivers, watercourses and floodplain harvesting
(see Figure 4-2 in MDBA, 2022). Besides extractions for irrigation, groundwater take also includes
water for town water supply, and extraction to manage water table and salinity levels (Figure 4-3
in MDBA, 2022). ET, minus rainfall provides a proxy of irrigation water use by vegetation
(Bretreger et al., 2020; Bretreger et al., 2022; Pefa Arancibia et al., 2021) in irrigated paddocks,
although the estimates in Figure 16 all irrigable areas are included. Figure 16 highlights the similar
magnitude in ET, minus rainfall and water take, notwithstanding the methodological differences
between both metrics. Generally, conveyance and application efficiencies mean that water take
should be higher than ET, minus rainfall if no other sources (like groundwater) of water are
available. During dry years groundwater becomes more relevant and in the case of the northern
Basin, there is also water stored in large (>100 ML) on-farm storages. The total capacity of on-farm
storages in northern MDB is about 3,000 GL, and water stored therein can compensate shortfalls
during dry years.

14000 MDB water volumes from irrigable areas
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[CIMDBA estimated surface and groundwater water take
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Figure 16. Comparison of annual Murray-Darling Basin (MDB) estimated bulk water take (brown bars, MDBA, 2022)
against CMRSET V2.2 averaged actual evapotranspiration (ET.) minus rainfall (from AGCD) (ETa-P, green bars).
Irrigable areas correspond to the entire MDB.
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Figure 17 shows ET, minus rainfall in 9 irrigation areas (lAs) in the northern MDB, except for the
Darling Downs IA, the IAs are located in semi-arid areas in the northern MDB, hence most
agricultural production is irrigated during the summer months (except for very wet years). The
proxy of water use during the Millennium Drought and the dry 2017/19 to 2019/20 period
showcases that water use was relatively sustained. It is likely that irrigated areas reduced their
areal extension during dry years (as indicated by reductions in production, ABARES, 2019) with
application rates increasing due to low soil moisture conditions.

St George Dirrabandi

Darling Downs
1000 300

1200 200

=)

S

S)
N
a
=]

150

n
=3
S

(GLxy™)

600

3
8

ET -P (GLxy'")
g

a

3

=3
rainfall (mm><y'1

a

ET -P
rainfall (mme‘1)

=2
3
3
rainfall (mme"

400

o
S

400 .
0 200 0 2 0 0
00-01 03-04 06-07 09-10 12-13 15-16 18-19 21-22 00-01 03-04 06-07 09-10 12-13 15-16 18-19 21-22 00-01 03-04 06-07 09-10 1213 15-16 18-19 21-22
Macintyre Gwydir Upper Namoi
1000 200 900

1
)

(GLxy™")
Yy

a

D
8
rainfall (mmxy'1)
o (GLx

rainfall (mmxy’ 1)
ET,-P (GLxy™")
rainfall (mm!y"')

ET -P
ET -P

0 2 0
00-01 03-04 06-07 09-10 12-13 15-16 18-19 21-22 00-01 03-04 06-07 09-10 12-13 15-16 18-19 21-22 00-01 03-04 06-07 09-10 12-13 15-16 18-19 21-22

Lower Namoi Macquarie Bourke

600 1000 400 800 600

a
S
5]
)

(GLxy™)
(GLxy™)
(GLxy™)
B
]

@
S
S

a
a

a
rainfall (mme")

ET P
ET -P

ET P
)
8

rainfall (mme'1

0 200 0 200 0 100
00-01 03-04 06-07 09-10 12-13 15-16 18-19 21-22 00-01 03-04 06-07 09-10 12-13 15-16 18-19 21-22 00-01 03-04 06-07 09-10 12-13 15-16 18-19 21-22

Figure 17. CMRSET V2.2 averaged actual evapotranspiration (ETa) minus rainfall (from AGCD) (ETa-P, green bars)
and mean annual rainfall (blue line) for selected irrigable areas across the northern Murray-Darling Basin (see
Figure 1).

Estimates of irrigation water use can be refined by using crop phenologies extracted from satellite-
borne ‘greenness’ data (like LAI, see Section 3.2) and estimated areas that are actually irrigated
(Pefa-Arancibia et al., 2014). Similarly, hydrologic models can be used to assess provenance (e.g.,
surface water or groundwater) of water used in irrigation (Pefia-Arancibia et al., 2016). These
estimates can be used to improve estimates of water take in areas where water extraction
metering is absent or prone to large errors.

5.2 Farm dams

Farm dams are an adaptation to climate variability, as they provide water during dry periods for
irrigation, stock demand and domestic uses when surface water or reticulated water is not
available. Individual farm dams have a relatively small impact on catchment water resources, but
collectively they can reduce mean annual catchment streamflow, particularly during dry years
(Habets et al., 2018; Morden et al., 2022).

The Malerba et al. (2021) dataset provides the spatial location of >1.7 million farm dams across
Australia. This dataset was clipped for the MDB and volume characteristics were obtained using
surface area-volume relationships established for 588 farm dams (Malerba et al., 2021). A recent
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study by Pefia-Arancibia et al. (under review) estimated growth rates in farm dam volume across
the MDB using Landsat reflectance data timeseries (1986-2020) to detect presence of water in the
farm dam for the first time, hence its commissioning year. These results were used here to report
growth (in volumetric density, GLkm™2) across MDB landforms. Figure 18 shows total growth
density across MDB landforms, which for all landforms has a loosely logarithmic growth. Fast
growth rates (210%) from 1986 to 1990 are likely unrealistic because an unknown number of farm
dams would have been present in the landscape before the availability of Landsat imagery (around
1986) and are not shown here. Growth after 2010 generally tapers off for all landforms.
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Figure 18. Annual timeseries (1986-2020) of aggregated farm dam volume density (in GLkm) for landforms in the
Murray-Darling Basin. The left column shows averages for the northern Basin, the right column shows averages for
the southern Basin. Horizontal black dashed lines indicate years were the slope and intercept of a linear regression
fitted to the data changes abruptly. The rates of change for each segment are annotated next to each line and
indicated in percentages.

The total farm dam storage volume across the MDB is 2,630 GL, with 1,284 and 1,346 in the
northern MDB and southern MDB, respectively.

Figure 19 shows annual growth rates (in percentage) for all MDB landforms. After the fast growth
in the 1990s, growth accelerated again during the Millennium Drought. This behaviour is not
observed in the recent low rainfall years from 2017/18 to 2019/20.

The effects of farm dams on runoff reductions, which are mostly greatest on the low flows and
during low flow months (Robertson et al., forthcoming), can be compounded due to the expected
reduction in rainfall in parts of the MDB, particularly in the southern Basin (Whetton and Chiew,
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2021), and the transition to more water limited conditions (Denissen et al., 2022; Ukkola et al.,

2016).
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the southern Basin.
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6 Summary and recommendations

6.1 Summary

Climate in the last three decades in the Murray—Darling Basin (MDB) has been characterised by
multiannual periods of drier than average conditions followed by wetter than average conditions
that last for one to three years. During long dry periods, the rainfall-runoff elasticity characteristic
of the MDB further reduces annual runoff generated from the same amount of annual rainfall.

This report analysed climate and catchment processes that have an impact on runoff across the
MDB, with a focus on factors that can modify hydroclimate characteristics and dominant
hydrological processes (i.e., ‘hydrologic non-stationarity’). The present analysis, to be followed
next year by more comprehensive evaluation and modelling, primarily focuses on trends and
variability at the annual scale (i.e., hydrological year from July to next June, hereafter referred to
as annual) generally from 1970/71 to 2021/22, therefore updating previous analyses performed by
the MDBA and Basin State agencies. The analysis of annual time series is employed to
demonstrate key shifts in magnitudes and variability, both in time and space. To summarise the
results, the MDB is disaggregated into uplands (runoff generating areas), slopes, and lowlands
(with floodplains). The following climate and catchment processes have been analysed: (i)
hydroclimate (rainfall, evaporative demand, runoff, groundwater), (ii) landscape dynamics (actual
evapotranspiration (ETa), vegetation, groundwater storage) and (iii) anthropogenic impacts
including irrigation water use and farm dams.

The key findings are:

e Rainfall has declined over most of the MDB, the decline is statistically significant (p<0.1) in
parts of the northern and southern Basin uplands over the 52-year period (1970/71-2021/22),
the areas that generate most of the Basin’s runoff. The decline has been dominated by
reductions in cool season (May to Oct) rainfall. The significant decline in the uplands of the
southern Basin was -2.41 mmy2 and in the northern Basin uplands was -1.43 mmy2. There are
increasing but not statistically significant rainfall trends during the warm months, mainly in the
southern Basin, indicating an ongoing shift away from winter dominated rainfall as has been
reported in the literature. The 1997-2009 ‘Millennium drought’ had lower than average
rainfall in the southern Basin than in the northern Basin, but the following 2010/11 wet La
Nifla period had greater than average rainfall in the southern Basin than in the northern Basin.
Conversely, the dry period from 2017/18 to 2019/20 in the northern Basin uplands had the
lowest consecutive three-year period rainfall since 1970/71.

e Evaporative demand throughout the year has significantly increased across the MDB since
1970/71. The increase in PET is largely due to the increase in temperature. On average, the
increases in PET are statistically significant for all landforms and cool and warm months in the
northern MDB, whereas the increase is significant in both cool and warm months in the
southern Basin uplands. Overall, the significant increase in the northern Basin was 1.62 mmy2
and in the southern Basin was 1.07 mmy2. Significant increases, particularly during cool
months, can compound decreases in rainfall and amplify decreases in runoff. In addition, the
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multiannual above average evaporative demand from 2002/03 to 2019/20 (with few years
slightly below average until the recent La Nifia years) has been the highest since 1970/71, and
higher for the northern Basin than the southern Basin.

e Runoff has mostly declined over the MDB, with significant annual declines mainly in the
southern Basin uplands and slopes, and some areas of the northern Basin uplands. The annual
declines are mainly caused by significant cool season declines. Overall, the statistically
significant decrease in the northern Basin was -0.12 mmy2 and in the southern Basin was -0.26
mmy2. Runoff anomalies highlight the high variability and the dominating dry conditions in the
last two decades, with the highest multiannual below average conditions during the
Millennium Drought in the southern Basin since 1970/71. Runoff was below average almost
continuously from 2013/14 to 2019/20 in both northern and southern MDB, except for the
wetter than average year 2016/17.

e Actual evapotranspiration (ETa) has significant annual declines across the MDB, except the
densely forested areas of the southern MDB uplands. The ET, increase in the densely forested
areas is statistically significant in the cool season (May to Oct). Significant declines during the
warm season (Nov to Apr) occur mainly in the northern Basin uplands, and parts of the slopes
and lowlands in the southern MDB. Overall, the statistically significant decrease in ET, in the
northern Basin was -2.10 mmy and in the southern Basin was -1.67 mmy. ET, anomalies
over the northern MDB uplands in 2017/18-2019/20 were the lowest since 1970/71. The
results for ET,, and associated results on rainfall, evaporative demand and runoff, suggest that
parts of the Basin are shifting more towards ecosystem water limitation, including the energy
limited areas in the southern MDB uplands.

e In terms of Leaf Area Index (LAI), the southern Basin, southeast uplands, and central lowlands
exhibit noticeable ‘greening’ trends (i.e., positive LAl trends). In contrast, the overall trend in
the northern MDB does not indicate substantial increases or decreases in vegetation LAl
changes.

e In terms of groundwater, the analysis primarily indicates an increasing trend in depth to
groundwater level in the northern valleys assessed (Condamine-Balonne, Gwydir and Namoi).
These trends can be attributed to reduction in groundwater recharge from reduced rainfall and
groundwater extraction for irrigation purposes. The increase in groundwater depth can lead to
the separation of the vadose zone from streams, an occurrence increasingly acknowledged as
a key factor contributing to changes in catchment rainfall-runoff patterns.

e Analysis of the GRACE Groundwater Storage (GWS) anomalies reveals a prolonged dry spell
lasting multiple years during the Millennium Drought, affecting both the northern and
southern MDB. This was followed by wetter conditions during the La Nifia years of 2010/11.
The positive anomalies, or slightly negative ones, persisted for five years after. However, in the
northern MDB, a consistent drying trend emerged from 2012/13, which was further
exacerbated by declines observed from 2019/20 until 2021/22. Only the wet conditions
experienced in 2020/21 and subsequent years facilitated the recovery of GWS. The dynamics
in the southern MDB differ in that the recuperation from the Millennium Drought included
years with higher positive anomalies, followed by smaller declines from 2019/20 onwards
compared to the northern Basin.
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The remote sensing proxy for irrigation water use in the northern Basin irrigated areas showed
relatively modest changes in water use during the Millennium Drought and the dry period
from 2017/19 to 2019/20. It is likely that irrigated agriculture experienced a reduction in their
surface area during the dry years, as evidenced by declines in production. This may be due to
increase in application rates to compensate for the low soil moisture conditions.

In terms of farm dams, the analysis showed growth across MDB landforms, with fast growth
rates during the 1990s and during the Millennium Drought. Growth has tapered off since 2010.
The total farm dam storage volume across the MDB is 2,630 GL, with 1,284 GL and 1,346 GL in
the northern MDB and southern MDB, respectively. The effects of farm dams on runoff
reductions, which are greatest on low flows and during low flow months, can be compounded
due to the expected reduction in rainfall in parts of the MDB, particularly in the southern Basin
and the transition to more water limited conditions.

6.2 Recommendations

The analysis reported here from the first year of this study, performed at the annual scale,

highlighted the magnitude, trend and variability of key hydrological variables across the
Murray-Darling Basin and its landforms, both of natural and anthropogenic nature.

The second year of this study will conduct more detailed assessments to describe, quantify and

model the reduction in catchment runoff caused by changes in climatic and landscape
characteristics. Some of the analysis and modelling that will be explored are summarised below.

e Rainfall, evaporative demand and actual evapotranspiration data will be extended to the
1950s to provide more detailed insights on how changes in climate are affecting
seasonality, intensities, and spatial patterns. Sequences of years with below average
rainfall will be compared to recent dry periods and changes in seasonality and other rainfall
characteristics (and associated weather systems) that are important for runoff generation
will be assessed (Fu et al., 2023; Potter et al., 2010).

e Many studies (Chiew, 2006; Peterson et al., 2021; Saft et al., 2016) have used streamflow in
unimpaired catchments, particularly in the southern MDB and Victoria, to assess the
effects of long dry periods and non-stationarity on rainfall-runoff relationship. Some
studies (Ajami et al., 2017; Deb et al., 2019) suggest that endogenous catchment
characteristics (vegetation, slope, groundwater table) can be equally important in
explaining shifts in the rainfall-runoff relation. Therefore, the logical step forward is to
perform similar analyses in a set of catchments in the northern basins with curated
streamflow data spanning 40 or more years. Attribution studies and machine learning can
be used to assess the importance of endogenous characteristics and climate changes.

e |[rrigation water use and water storage in large on-farm storages (i.e., water diversions) can
also be better quantified by identifying irrigated areas (Pefa-Arancibia et al., 2014) and
water volumes in ring tanks using recent remote sensing radar data (Biancamaria et al.,
2016) and on-farm storage modelling (Fuentes et al., 2021).

e The hypothesised causality will also be explored through hydrological modelling. This will
include falsifying existing models as well as incorporating new dominant process
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representation in the models. The use of more robust calibration strategies and datasets
beyond streamflow (e.g., ETa, GWS, LAI) to constrain model calibration will also be
explored.
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Appendix A Evaluation of alternative actual
evapotranspiration models
This section shows a comparison between the three ET, datasets used in this study. Figure A.1.

shows the mean annual ET, for ERA5-Land, PML V2 and CMRSET V2.2, showcasing similar spatial
patterns and magnitudes.
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Figure A.1 Comparison of actual evapotranspiration (ETz) products in the MDB
Figure A.2. shows a scatterplot between daily ET, from the aforementioned products against 29

flux tower ET, data across Australia (Beringer et al., 2017). In all products correlations are high
(>0.8) and root mean squared error (RMSE) are low (<0.7 mmxday?).
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Figure A.2 Comparison of actual evapotranspiration (ET.) models against flux tower ETa data (left panel, CMRSET
V2.2, middle ERA5-Land, right PML V2). Each plot shows the 1:1 line (black) and the best-fit linear regression line
(blue). Goodness-of-fit statistics including the root mean squared error (RMSE), mean absolute difference (MAD),
correlation and best-fit linear regression coefficients.

Figure A.3. shows timeseries of the different products averaged over MDB landforms. In the
overlapping period (2000 to 2020) ERA5-Land and CMRSET V2.2 generally agree well in
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magnitudes and temporal patterns, except for the wet 2010/11, in which CMRSET estimates are
considerably lower.
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Figure A.3 Comparison of actual evapotranspiration (ETz) timeseries averaged for landforms across the
Murray-Darling Basin (MDBA).

30 | CSIRO Australia’s National Science Agency



Appendix B Other ancillary data

Figure B.1. Woody vegetation density c.a. 2019. Data from DEA Landcover
(https://www.dea.ga.gov.au/products/dea-land-cover, accessed May 2023). Woody density is calculated on 5 km x
5km grid using 30 m maps of woody vegetation.
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