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Predicting floodplain inundation under a changing climate is essential for adaptive management of 
water resources and ecosystems worldwide. This study presents a framework combining satellite 
observations and hydrological modeling to explore changes in floodplain inundation. We examine 
variability, trends, and frequency of inundation across the Murray–Darling Basin (MDB), Australia’s 
largest river system, over the past 35 years (1988–2022). Our analysis shows that annual maximum 
30-day runoff is a primary hydrological factor influencing floodplain inundation. Using this metric 
as a proxy, we found that floodplain inundation, if driven solely by hydroclimate conditions, would 
have been more frequent in the recent decades (1988–2022) compared to the century-long baseline 
(1900–2022), especially in the southern basin. Despite projected declines in water availability under 
climate change in MDB, floodplain inundation appears to be less affected. The projected changes 
in floodplain inundation vary by region, influenced by local hydroclimate, human intervention, and 
the balance between projected more intense extreme rainfall and drier catchment conditions. This 
framework provides valuable insights into water resource planning and environmental management, 
with potential applications beyond the MDB.
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Floodplain inundation plays a vital role in maintaining healthy ecosystems, as periodic flooding supports 
essential functions such as nutrient cycling and biodiversity preservation1–3. Climate change is expected to alter 
the intensity, frequency, timing, and extent of riverine floods4,5, although the impact varies regionally across the 
globe6,7. Stakeholders in agricultural, environmental, water resource, and other sectors are seeking insights into 
opportunities and risks from floodplain inundation, especially in the context of a changing climate8–12.

The Murray–Darling Basin (MDB) (Fig. 1) is Australia’s largest, most economically significant, and politically 
complex river system13. With an agricultural industry worth AUD$24 billion annually, the MDB sustains 2.6 
million people living in diverse rural and urban communities and supports vital environmental assets, including 
16 Ramsar listed wetlands14. In the MDB, there is clear evidence of increasing precipitation extremes15–17; 
however, the consequences of flooding incidents are more nuanced18,19. The frequency of small and moderate 
floods in the MDB and southeastern Australia appears to be decreasing, while the magnitude of extreme 
floods is increasing20. Potential and contradicting explanations for this include more intense extreme rainfall21, 
reduced antecedent soil moisture22,23, shrinking storm coverage24, and decreased snowmelt25. Understanding 
the connection between shifting climate patterns and changes in flood dynamics presents a considerable 
challenge in the MDB. Floodplain inundation is generally considered beneficial in regional MDB due to its role 
in replenishing soil moisture, supporting biodiversity, and maintaining wetlands. Additionally, it can enhance 
water quality by flushing out accumulated nutrients and contaminants, providing vital ecosystem services.

Here, we developed a framework to investigate changes in flood inundation across the MDB for both the 
historical (1900–2022) and the future (2046–2075) periods by incorporating satellite observations, hydrological 
modeling, and climate change projections. We created inundation recurrence maps across the MDB using 
high-resolution Landsat observations26,27 (~ 30 m) spanning the last 35 years (1988–2022) and analyzed trends 
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in inundation extent and volume during this period. To assess the changes in flood inundation beyond this 
observation period, we identified the dominant hydroclimate driver most closely correlated with inundation 
and used it as a proxy to assess changes in the probability of annual maximum flood inundation, measured as 
annual exceedance probabilities (AEP). We compared the AEP of the dominant hydroclimate driver, derived 
from hydrological modeling, over the past 35  years against its century-long baseline (1900–2022) as well as 
under future climate conditions informed by projections from the Coupled Model Intercomparison Project 
(phase 6) (CMIP6) general circulation models (GCMs).

To consider the spatial heterogeneity of flood inundation, we separated the MDB into the northern MDB 
and the southern MDB (see Fig.  1 for boundaries). The two regions have substantial differences in their 
hydrology, climate, land use, and water management practices. The northern MDB experiences higher seasonal 
and interannual hydroclimate variability, with more erratic rainfall patterns and drier conditions compared to 
the southern MDB. Most of the runoff originates from the high-elevation areas in the southeast of the basin, 
where most large reservoirs are located. In contrast, the northwest and west are arid, with long ephemeral and 
intermittent rivers flowing through relatively flatter landscapes28,29.

We also analyzed the results for three regulated areas—Coleambally Irrigation Area (CIA), Lower Balonne 
System (LBS), and Menindee Lakes (Menindee)—where river operators manage water storage and releases to 
meet surrounding and downstream irrigation demands (referred to as irrigation sites hereafter). Additionally, 
we examined three ecologically significant areas—Barmah Forest (Barmah), Chowilla Riverland Floodplain 
(Chowilla), and Macquarie Marshes (Macquarie)—which sustain diverse ecosystems, provide critical habitats, 
and support high levels of ecological productivity (referred to as ecological sites; see Fig. 1 for locations).

Each of these sites holds unique significance in terms of ecological value, human influence, and environmental 
challenges. The Coleambally Irrigation Area is one of the most productive irrigation districts in the MDB, where 
water management plays a crucial role in sustaining agricultural output. Similarly, the Lower Balonne System 

Fig. 1.  Floodplain inundation recurrence maps of the MDB. The frequency of surface water observed in the 
past 35 years. The flood extents for the various return periods are shown in separate panels (b–g) on the right. 
The main map (a) also shows the locations of the three irrigation sites and the three ecological sites.
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supports large-scale irrigation, which is facing significant pressures from climate change, over-extraction of 
water, and altered flow regimes. The Menindee Lakes, a series of naturally occurring and man-made lakes, 
function as critical water storage for both irrigation and environmental flows but have been subject to water 
losses due to evaporation and declining inflows in recent years30.

The Barmah Forest is one of the largest river red gum forests in the world, relying on periodic flooding to 
maintain its wetland ecosystem and support species such as waterbirds and native fish. The Chowilla Riverland 
Floodplain is a vital floodplain-wetland complex, playing a key role in maintaining water quality and biodiversity 
in the lower Murray region, yet it faces challenges from altered flow regimes and salinity31. The Macquarie 
Marshes, one of the largest inland wetlands in Australia, are highly dependent on natural flooding cycles for their 
extensive wetland habitat, which supports water dependent bird populations and diverse aquatic life32.

By selecting these contrasting sites, we aim to capture a broad spectrum of floodplain dynamics to provide 
insights on both the benefits and adverse effects of flooding across diverse environments.

Results
Flood-affected areas across the MDB
Flooding across the MDB for six average recurrence intervals (ARIs) are shown in Fig.  1b–g. The ARIs are 
calculated using 210 images (every 2 months over 35 years)33 derived from Landsat satellite observations. The 
two-monthly maximum water extent dataset was generated using all available images collected within each two-
month period. These inundation recurrence maps offer insights not only into the locations of flood-prone areas 
but also into basin-wide hydrological connectivity, potential ecological hotspots, and major flood-dependent 
habitats. In the MDB, the pixels inundated at least once in the past 35 years covers approximately 274,049 km2, 
representing 25.9% of the total MDB area25. The area with a high inundation frequency (defined as an ARI ≤ 2 
years) encompasses approximately 30,400 km2 (2.9%). The area with a medium inundation frequency (defined 
as an ARI between 8 and 16 years) covers approximately 79,204 km2 (7.5%).

For the three irrigation sites within the MDB, namely, the Coleambally Irrigation Area (CIA), Lower Balonne 
System (LBS), and Menindee Lakes (Menindee), the proportions of areas with high inundation frequency 
(ARI ≤ 2 years) are 14.8%, 11.5%, and 20.7%, respectively. For the three ecological sites, namely, Barmah Forest 
(Barmah), Chowilla Riverland Floodplain (Chowilla), and Macquarie Marshes (Macquarie), the corresponding 
proportions are 25.8%, 17.9%, and 8.1%, respectively. All these sites have areas with high inundation frequency 
above the basin average, with ecological sites being more prominent, reflecting the flood-dependent nature of 
these ecosystems.

Trend and variation over the past 35 years
The variations in water extent and volume and trend over the past 35 years are presented in Fig. 2. The water 
extent is expressed as the percentage of inundated area relative to the total area in the regions considered. The 
volume is computed as the sum of the depth multiplied by the surface area for each pixel and is presented in 
Gigalitres (GL or 106 m3). This analysis covers the entire MDB, northern MDB and southern MDB, and the three 
irrigation sites (CIA, LBS, and Menindee) and three ecological sites (Barmah, Chowilla, and Macquarie).

The analysis indicates that flooding magnitude is significantly influenced by extreme conditions, such as 
the Millennium Drought (1997–2010) and major floods in 2011 and 2022 (Fig. 2). There is a general declining 
trend in the annual maximum extent and volume of floodplain inundation across the MDB, which is more 
pronounced in the southern MDB (Fig. 2b) than in the northern MDB (Fig. 2c). However, it is important to 
note that these trends are not statistically significant due to high interannual variability in the basin. The high 
interannual hydroclimate variability in the MDB is primarily driven by climate drivers such as the El Niño-
Southern Oscillation (ENSO), Indian Ocean Dipole (IOD), and Southern Annular Mode, which influence 
rainfall and temperature patterns34. Streamflow in the MDB, and in Australia generally, is more variable than 
rivers in similar hydroclimate areas elsewhere in the world35,36. Climate change and oceanic circulations also 
contribute to long-term variability, exacerbating droughts and floods in the region.

There is considerable variability in the extent of inundation both seasonally and annually across the MDB, 
reflecting the region’s high hydroclimate variability37. The intra-annual or seasonal variation, quantified by 
the maximum-minimum ratio (MV) of the inundation extent, is 2.85, 4.81, and 2.45 for the MDB, northern 
MDB, and southern MDB, respectively. The interannual variability is high, with coefficients of variation (CVs) 
of annual maximum inundation extent of 0.64, 0.76, and 0.64, in the MDB, northern MDB and southern MDB 
respectively (see Table S1 in the Supplementary Materials). The northern MDB exhibits greater seasonal and 
annual variability in flood-affected areas due to the strong influence of climate drivers such as ENSO and IOD, 
which create pronounced wet and dry cycles34. Additionally, the region is more arid, characterized by ephemeral 
rivers, a lower runoff coefficient, and significant runoff driven by fewer intermittent rainfall events30,38.

For the three irrigation sites, the intra-annual variability (MV) in the CIA, LBS, and Menindee are 19.34, 2.95, 
and 8.42, respectively. The interannual CVs of the maximum inundation extent are 0.56, 1.18, and 0.56, while the 
CVs of the minimum inundation extent are 0.42, 1.64, and 0.69, respectively. CIA displays significant declining 
trend in both inundation extent and floodwater volume, with rates of − 1.50% per year and − 4.43 GL per year, 
respectively. Before the mid-2000s, the regular inundation patterns in the CIA resembled the seasonal flood 
irrigation used for rice paddocks (see Fig. S1 in the Supplementary Materials). After the mid-2000s, the shift 
to less regular inundation coincided with the adoption of more efficient irrigation infrastructure and changes 
in crop types in the area39,40. Another site that has a statistically significant declining trend in flood extent is 
Menindee, which has experienced mass fish kills in recent years41–43.

The dynamics of inundation at the three ecological sites differ from those at the irrigation sites, characterized 
by relatively lower variations and less significant trends, likely due to less development and environmental water 
delivery since 201244. The intra-annual variability (MV) is 7.79 for Barmah, 2.48 for Chowilla, and 25.79 for 
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Macquarie. Correspondingly, the interannual variability (CV) in the maximum inundation extent is 0.61 for 
Barmah, 0.81 for Chowilla, and 1.37 for Macquarie, while the CVs in the minimum inundation extent are 0.46, 
0.22, and 0.69, respectively. These differences highlight the unique hydrological characteristics of ecological sites, 
which are influenced by natural variability and environmental water management practices.

The comparison between irrigation and ecological sites reveals both similarities and differences in their 
intra- and interannual variability. Irrigation sites, such as CIA, LBS, and Menindee, tend to show lower intra-
annual variability (MV) in inundation extent, particularly the LBS and Chowilla, suggesting more controlled 
and stable conditions. However, the ecological sites, such as Barmah, Chowilla, and Macquarie, generally exhibit 
higher interannual variability in maximum and minimum inundation extent, especially Macquarie. While 
the CVs for maximum inundation extent are more variable in ecological sites (ranging from 0.61 to 1.37), the 
irrigation sites show more consistency (ranging from 0.56 to 1.18), highlighting that ecological sites experience 
more fluctuation due to their reliance on natural flood dynamics. Additionally, ecological sites like Macquarie 
exhibit greater intra-annual variability in inundation extent (MV of 25.79), reflecting more dynamic floodplain 
conditions and stronger dependency on seasonal flood events compared to irrigation sites with more regulated 
environments.

Dominant hydroclimate drivers of floodplain inundation
Floodplain inundation is influenced by hydroclimatic conditions such as preceding rainfall and streamflow. 
Identifying the dominant drivers can help predict how climate change might affect floodplain inundation. 
Figure 3 and Table S2 in the Supplementary Materials show the correlations of various hydroclimate variables 
with the annual maximum floodwater extent. The choice of these hydroclimate variables is guided by insights 
from a previous study46. The rainfall variables are derived from observations, while the runoff variables are 
results from hydrological modeling (see the Method section for details).

For all the regions considered here, the maximum 30-day runoff has the strongest correlation with the 
inundation extent and water volume, followed by the annual runoff and the maximum 7-day runoff. Therefore, 
maximum 30-day runoff is used as a proxy for the annual maximum floodplain extent.

Correlations between dominant hydroclimate variables and inundation extent are stronger in the southern 
MDB than in the northern MDB. The stronger inundation response of the southern MDB to the hydroclimate 
is likely due to the higher runoff volumes and lower intra- and interannual variability compared to those in the 
northern basin.

Fig. 2.  Annual maximum flood extent (orange) and volume (blue) for each region. The trends (GL per year or 
% per year), measured by Sen’s slope45, are shown on the top right and as trendlines in each plot. The bold font 
indicates that the trend is statistically significant at α < 0.05.
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Overall, the three ecological sites demonstrate greater sensitivity to hydroclimate conditions than the 
irrigation sites. This is likely due to changes in the relationship between inundation and hydroclimate conditions 
resulting from development and practice over time at irrigation sites, particularly at the CIA.

Floodplain inundation under a changing climate
Further investigation reveals shifts in the magnitude and frequency of the annual maximum inundation extent 
under climate change using the maximum 30-day runoff as a proxy. The annual exceedance probabilities (AEPs) 
of maximum 30-day runoff in the recent period (1988–2022) are shown to be greater than in the long-term 
baseline (1900–2022) (Fig. 4).

As indicated by the proxy, the higher inundation frequency in the last 35 years is more prominent in the 
southern MDB (Fig. 4c). This is particularly evident for more extreme floodplain inundation events (AEP < 0.1 or 
ARI > 10 years), consistent with the results of previous studies15,20. In the northern MDB, inundation frequency 
in the last 35 years is generally similar to, or only slightly greater than, the 123-year baseline period (Fig. 4b).

As shown by previous studies, future hydroclimate projections indicate a drier MDB, with significantly 
lower mean annual runoff driven by reductions in cool-season rainfall and increased potential evaporation47. 
However, floodplain inundation, as represented by the proxy, appears to be less affected by climate change than 
mean annual runoff (Fig. 4 red lines vs. blue lines). This is particularly evident in the northern MDB, where 
moderate to extreme flood events (AEP < 0.1) are even projected to increase under future climate conditions 
(Fig. 4b). This increase can be attributed to the intensification of extreme rainfall, which more than compensates 
for drier antecedent catchment conditions. The impact is especially pronounced in the northern MDB, where 
floods are primarily generated by a small number of intermittent events, and the projected decline in rainfall 
and runoff is less significant compared to the perennial systems in the southern MDB. In the southern MDB 
(Fig. 4c), rarer flood events (AEP < 0.1) are projected to remain similar to the baseline, while more frequent 
floodplain inundation events (AEP > 0.1, or occurring on average once every ten years) are expected to decrease 
under climate change. However, this decline is smaller than the projected reduction in mean annual runoff48–50.

Figure  5 shows the projected changes in the magnitude of 1-in-20-year floodplain inundation events 
(AEP = 0.05) represented by the maximum 30-day runoff proxy under future climate simulations informed by 

Fig. 3.  Correlation between hydroclimatic variables and annual maximum inundation extent. The x-axis 
shows the hydroclimatic variables, and the y-axis shows the maximum inundation extent, both scaled to 0–1 
based on minimum and maximum values in the data.
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37 CMIP6 GCMs (see Methods). In general, the median projection (Fig. 5b) shows an increase in 1-in-20-year 
floodplain inundation (in the annual maximum 30-day runoff proxy) across the dry areas in the northwest 
and western parts of the Basin, and a small decrease in the far south of the Basin39. Nevertheless, there is large 
uncertainty in the projections due to the large range in the GCM rainfall projections (Fig. 5).

For the six irrigation and ecological sites, an intensification of 1-in-20-year floodplain inundation is projected 
at all sites except Barmah. This exception is due to Barmah’s southernmost location, where the significant decline 
in cool-season rainfall results in drier antecedent catchment conditions, outweighing the effects of increased 
extreme rainfall. Conversely, a marked increase in 1-in-20-year floodplain inundation is projected for Macquarie, 
a site located in the northern MDB. This underscores the need for region-specific water management strategies, 
particularly in areas like Barmah and Macquarie.

Discussion
The knowledge from this study has significant implications for communities, decision-makers, environmental 
watering, and stakeholders in the MDB. We found that the maximum 30-day runoff closely correlated with 
floodplain inundation in the MDB. This finding offers a reliable proxy for floodplain inundation, which is useful 
for applications such as land-use planning, habitat restoration, and water resource management, particularly 
given the scarcity of reliable spatial inundation data.

Future runoff in the MDB is likely to decrease under climate change due to projected reduction in cool 
season rainfall and accentuated by higher potential evaporation51. This outlook is supported by multiple lines of 

Fig. 4.  Comparison of recent, historical, and future floodplain inundation using a proxy. AEPs for 35 recent 
observational years (1988–2022), 123 historical years (1900–2022), and future projections (2024–2075), where 
an AEP of 0.05 is equivalent to an ARI (= 1/AEP) of 20 years of floodplain inundation.
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evidence, such as trends in observed data, projections from climate models, and changes in global and regional 
circulation patterns under higher temperature52. A reduction in runoff, coupled with increasing water demand 
from many uses, will intensify the already fierce competition for water53,54. On a positive note, the analysis 
here suggests that the impact of climate change on floodplain inundation is likely to be less severe than its 
impact on water resources and hydrological droughts. This is because the effects of intensifying extreme rainfall 
and decreasing antecedent catchment conditions offset each other. Floodplain inundation frequency in the 
northern MDB may remain unchanged or even increase for rarer, more extreme events (see Section "Floodplain 
inundation under a changing climate"). In the southern MDB, rarer events are expected to stay similar to the 
baseline, while more frequent inundation events are projected to decline under climate change, though to a 
lesser extent than mean annual runoff.

Results also show that floodplain inundation over the past 35 years would have been greater and more frequent 
than the long historical baseline if driven solely by hydroclimate conditions. Despite this, significant challenges 
in water resource management have affected floodplain outcomes across the basin55–58. Over-extraction and 
altered flow regimes have contributed to floodplain degradation, declines in vegetation and animal species, the 
spread of invasive species and water quality issues. These challenges emphasize the urgent need for adaptive 
management strategies to improve floodplain outcomes, rather than attributing the impacts mainly to climate 
change59–61.

One key user of water in the MDB is the Commonwealth Environment Water Holder (CEWH), which buys 
and uses water to enhance environmental outcomes62. Data on current and future floodplain inundations are 
vital to their operations. The projected future flooding varies from region to region, highlighting the need for 
tailored decision-making. For example, the Barmah Forest in the Southern MDB and the Macquarie Marshes in 
the Northern MDB, both of which rely on periodic flooding to sustain floodplains and wetlands, are projected to 
experience different changes; Barmah is likely to experience less flooding, while Macquarie may experience more 
flooding. The quantification of changes in this study can assist water managers such as CEWH in developing 
customized environmental water delivery plans to address specific challenges for different locations.

The outcome of this study can also help identify knowledge gaps and priorities for research. We found 
significant regional variations in the flood extent and volume trends in recent years. Some areas, such as the 
Menindee Lakes, show statistically significant reductions in flooding, whereas nearby Chowilla Riverland 
Floodplains do not show the same trend. The underlying causes of these differences, as well as their ecological 
and social implications, remain unclear. Potential contributing factors include high temperatures increasing 
evaporation, overextraction of water in the Menindee Lakes, the delivery of environmental water in Chowilla, 
or a combination of these influences. Quantifying the impact of these factors can inform policy adjustments to 
better balance ecological sustainability and agricultural demands. The decrease in flooding at highly managed 
sites such as the CIA likely reflects the effectiveness of new regulations and the modernization of irrigation 
practices, resulting in more efficient water use. Additionally, the shift in crop types from rice to cotton and maize 
may have contributed to changes in water management and inundation patterns40. Further research is needed 
to understand the linkage between water allocation, farming practice, and inundation patterns, as well as their 
long-term impacts. This knowledge can help optimize water allocation strategies for sustainable management.

Fig. 5.  Projected percentage change in maximum 30-day runoff with an ARI of 20 years. The baseline 
period of the projection is 1900–2022, and the future period is 2046–2075. The 10th percentile, median and 
90th percentile are obtained from simulations informed by 37 GCMs (see Methods). The gray boundaries 
are upstream contributing areas of the six irrigation and ecological sites. The black boundary separates the 
northern and southern MDB.
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For researchers globally, the methodology presented here offers valuable insights into the evolving nature of 
floodplain inundation influenced by water regulation and climate change. The analysis demonstrated that changes 
in flooding can vary across regions and are influenced by diverse factors, such as spatially heterogeneous rainfall 
patterns, irrigation practices, and climate change. Recognizing these differences is essential when engaging 
with policy makers, environmental managers, communities and stakeholders. Through the development of 
comprehensive spatial flooding datasets, hydrological modeling and climate change projections, researchers can 
help stakeholders respond to similar challenges worldwide.

Methods
This study presents the observed frequency, variability and trend of floodplain inundation across the MDB 
from 1988 to 2022 and characterizes floodplain inundation for the historical period (1900–2022) and projected 
future under climate change. A consistent framework is applied across the MDB, leveraging on remote sensing 
and hydrological modeling to analyze the spatial and temporal characteristics of floodplain inundation under 
historical, recent, and future climate conditions. While previous studies utilizing remote sensing data primarily 
focused on mapping inundation dynamics63–66, wetlands67, or human impacts68 within observed time frames, 
this study builds on that foundation by incorporating both historical and projected hydroclimate data to assess 
floodplain inundation under a changing climate.

Satellite-based floodplain inundation observation
The two-monthly maximum floodwater depth dataset33,69,70 covers the period from 1988 to 2022 at a spatial 
resolution of approximately 30 m. This dataset provides a spatial representation of the maximum surface water 
extent and depth across the MDB at two-month intervals. Surface water was detected from Landsat imagery 
using the multi-index method (MIM)71 for enhanced accuracy. Water depth was estimated using an improved 
version of the Floodwater Depth Estimation Tool (FwDET)72,73, which takes water extent and a LiDAR-
enhanced high-resolution Digital Elevation Model (DEM)74 as inputs. This dataset offers a comprehensive view 
of observed inundation extent and water depth across the MDB and reveals the historical lateral connectivity 
throughout the basin.

Rainfall and potential evapotranspiration under future climate scenarios
For the historical period, daily rainfall of each grid cell was sourced from the SILO gridded dataset75, and 
potential evapotranspiration was calculated from the SILO climate surfaces using Morton’s wet environment 
algorithms76,77. Future rainfall projections were generated using the Daily Scaling method78, informed by 
climate change signals from 37 CMIP6 GCMs for Shared Socioeconomic Pathway 5–8.5 (SSP5-8.5) (for a 30-
year time slice centered on 2060 relative to a 30-year time slice centered on 1990, representing approximately 
2.3 °C global average warming)79. The daily scaling method perturbs historical climate time series data based 
on the change signals derived from GCMs, reflecting changes in both the means and the shape of the daily 
rainfall distribution, which is important for capturing the intensification of extreme heavy rainfall simulated by 
GCMs. Future potential evapotranspiration was generated using the seasonal scaling method78, which was also 
informed by the corresponding CMIP6 GCMs.

Modeling historical and future runoff across the basin
Historical and future runoff were simulated for each 0.05° grid cell in the MDB using the GR4J model80. The 
GR4J model is a daily hydrological model with four parameters. The model was calibrated and validated against 
observed streamflow from 780 unimpaired headwater catchments across Australia, with a nearest neighbor 
approach applied in parameter regionalization81,82. For the historical period (1900–2022), daily runoff for each 
grid cell was modeled using daily rainfall and potential evapotranspiration from the SILO gridded dataset. For 
the future period (centered at approximately 2060 with the same length as the historical period), the model 
inputs were the scaled rainfall and potential evapotranspiration information obtained from the CMIP6 GCMs, 
as described in Rainfall and potential evapotranspiration under future climate scenarios. The model calibration, 
by maximizing the NSE-Bias (Nash–Sutcliffe Efficiency with constraint on Overall Bias) objective function83, 
provides reasonable simulations of median and high flows, including the maximum 30-day runoff analyzed in 
this study28.

Defining the dominant hydroclimate drivers of floodplain inundation
With the SILO climate data and modeled daily runoff, we identified the dominant hydroclimate drivers of 
floodplain inundation by correlating candidate hydroclimate metrics against both the inundation extent and 
water volume at the annual scale. The metrics considered included annual rainfall and runoff, monthly rainfall 
and runoff, and the maximum n-day (n = 1, 3, 5, 7, 30) rainfall and runoff. The metric with the highest correlation 
coefficient was selected as the dominant hydroclimate driver and used as a proxy for floodplain inundation.

While correlation does not imply causation, our objective was to identify a practical and readily available 
metric that effectively represents floodplain inundation dynamics, rather than to establish a direct causal 
relationship. Floodplain inundation is influenced by various factors, including soil moisture, topography, and 
floodplain-channel connectivity. Although these factors were not explicitly modeled, they are indirectly reflected 
in the historical inundation data used to derive correlation. Given these considerations, the selected proxy serves 
as a reasonable indicator of large-scale inundation patterns across the MDB.

However, this approach does not explicitly account for streamflow lag or water management activities, such 
as the operation of reservoirs, pumps, and other physical structures that influence the timing and distribution of 
river flows. Additionally, while antecedent catchment conditions are crucial in shaping flood responses, they are 
only implicitly considered through the rainfall-runoff modeling.
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Limitations and uncertainty
There are limitations and uncertainties in the Landsat-derived water extent. Cloud cover and vegetation 
can obscure satellite imagery, leading to gaps or inaccuracies in detecting water extent. These challenges are 
compounded in forested or heavily vegetated floodplains, where water beneath the canopy may go undetected. 
Additionally, the revisit period of Landsat observations results in missed flood peaks, particularly for events 
with short durations, contributing to an overall underestimation of flood extent and depth. Moreover, our study 
primarily focused on flood intensity and frequency, without considering potential changes in flood duration, 
which could influence ecological functions as well as associated socio-economic and environmental impacts.

Hydrological modeling introduces further uncertainties due to the assumptions and simplifications inherent 
in representing complex natural systems84. The same parameter values are used to model historical and future 
runoff. The extrapolation of models developed and calibrated against historical data to predict the future is a 
significant limitation and challenge85,86. Factors such as inaccuracies in input data, calibration limitations, and 
the exclusion of human influences like dam operations or irrigation can lead to deviations between modeled and 
observed hydrological behaviour.

Further, this study is based on empirical evidence, which inherently includes human intervention that can 
significantly alter flood dynamics. However, we were unable to isolate the individual impacts of hydroclimate 
and human intervention on floodplain inundation due to the lack of long-term monitoring of land use changes, 
infrastructure modifications, and operational activities such as retention, diversion, and extraction.

Climate projections, while essential for understanding future flood dynamics, add another layer of 
uncertainty. Nevertheless, appropriate fit-for-purpose datasets and modeling are used here, in a consistent 
framework across the entire basin, enabling a consistent interpretation of spatial and temporal characteristics of 
floodplain inundation across the Basin under historical and future climate conditions.

Data availability
All the data presented in this paper is publicly available via the CSIRO Data Access Portal at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​
2​5​9​1​9​/​k​a​7​q​-​n​e​5​8​​​​​.​​
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-	For	Specific	Sites,	list:	Coleambally	Irrigation	Area	(CIA),	Lower	Balonne	System	(LBS),	

Menindee	Lakes,	Barmah	Forest,	Chowilla	Riverland	Floodplain,	Macquarie	Marshes.

-	When	a	region/site	is	selected,	summarize	the	paper's	findings	for	that	specific	location	(e.g.,	

trends	from	Fig.	2,	future	projections	from	discussion	of	Fig.	4/5).

[3]	Understanding	the	Science	&	Methods:

-	[3a]:	Explain	based	on	Fig.	3	that	"maximum	30-day	runoff"	shows	the	strongest	correlation.	

Discuss	why	this	might	be.

-	[3b]:	Explain	Sen's	slope	(mentioned	for	Fig.	2)	as	a	method	for	trend	detection.	Discuss	the	



general	trends	observed	(declining	in	some	areas,	influence	of	Millennium	Drought).

-	[3c]:	Explain	that	projections	use	GCMs	and	the	max	30-day	runoff	as	a	proxy.	Discuss	the	

general	projected	outcomes	(less	affected	than	mean	runoff,	regional	variations,	role	of	extreme	

rainfall	vs.	drier	conditions).	Refer	to	Fig.	4	and	Fig.	5.

[4]	Illustrative	Python	Code	Examples:

-	Clearly	state	these	are	illustrative	and	use	hypothetical	or	simplified	data	inspired	by	the	

paper.

-	Obtain	user	consent	before	running	any	code.

-	[4a]	Conceptual	Runoff-Inundation	Proxy:

#	Illustrative:	Simple	proxy	relationship
#	The	paper	finds	max	30-day	runoff	is	a	strong	proxy	for	inundation.
#	Let's	imagine	a	simple	linear	relationship	for	illustration.
#	Hypothetical	max	30-day	runoff	values	(e.g.,	in	mm	or	GL)
max_30d_runoff_hypothetical	=	[30,	60,	90,	120,	150]
#	Illustrative	coefficients	for	a	linear	model:	inundation	=	(a	*	runoff)	+	b
#	These	are	NOT	from	the	paper,	just	for	demonstration.
coeff_a	=	0.8	#	km^2	per	unit	of	runoff
intercept_b	=	5	#	base	inundation	in	km^2
inundation_extent_proxy	=	[(r	*	coeff_a)	+	intercept_b	for	r	in	max_30d_runoff_hypothetical]
print("Hypothetical	Max	30-day	Runoff:",	max_30d_runoff_hypothetical)
print("Illustrative	Inundation	Extent	Proxy	(km^2):",	inundation_extent_proxy)
print("\n#	This	code	demonstrates	a	simplified	concept.	In	the	paper,	actual	relationships")
print("#	would	be	derived	from	extensive	data	and	modeling	(see	Fig.	3).")

-	[4b]	Calculating	Annual	Exceedance	Probability	(AEP):

#	Illustrative:	Calculating	AEP	(as	discussed	for	Fig.	4)
#	Hypothetical	annual	maximum	flood	events	(e.g.,	max	30-day	runoff	in	mm)
#	for	a	15-year	period.
flood_events_hypothetical	=	sorted([75,	110,	60,	130,	95,	150,	80,	100,	120,	70,	140,	85,	105,	160,	90],	reverse=True)
N	=	len(flood_events_hypothetical)
print(f"Number	of	years	of	hypothetical	data	(N):	{N}")
print("Sorted	hypothetical	flood	events	(descending):",	flood_events_hypothetical)

print("\nRank	(m)	|	Event	Value	|	AEP	(m/(N+1))	|	Approx.	ARI	(1/AEP	years)")
print("---------------------------------------------------------------------")
for	m,	event	in	enumerate(flood_events_hypothetical,	1):
				aep	=	m	/	(N	+	1)
				ari	=	1	/	aep	if	aep	>	0	else	float('inf')
				print(f"{m:8}	|	{event:11}	|	{aep:13.4f}	|	{ari:20.2f}")
print("\n#	This	code	illustrates	calculating	AEP	using	the	Weibull	plotting	position.")
print("#	The	paper	uses	AEP	to	compare	flood	frequencies	across	different	periods	(Fig.	4).")

-	[4c]	Basic	Trend	Analysis	(Conceptual):

#	Illustrative:	Conceptual	Trend	(if	data	were	available)
#	The	paper	uses	Sen's	slope	for	trend	analysis	(Fig.	2).
#	This	requires	a	time	series.	Let's	imagine	we	have	one.
#	This	code	does	NOT	calculate	Sen's	slope,	just	a	placeholder	for	discussion.
hypothetical_years	=	list(range(2000,	2011))	#	11	years
hypothetical_inundation_extent	=	[10.5,	10.2,	9.8,	9.9,	9.5,	8.0,	8.2,	7.5,	7.6,	7.0,	6.8]	#	Example	declining	trend

if	len(hypothetical_years)	==	len(hypothetical_inundation_extent):
				print("Hypothetical	Time	Series	Data:")
				print("Year	|	Inundation	Extent	(%)")
				print("---------------------------")
				for	i	in	range(len(hypothetical_years)):
								print(f"{hypothetical_years[i]}	|	{hypothetical_inundation_extent[i]:.1f}")

				#	A	proper	trend	analysis	(like	Sen's	slope)	would	require	statistical	libraries
				#	(e.g.,	scipy.stats.theilslopes).
				#	For	illustration,	let's	just	check	if	the	last	value	is	less	than	the	first.
				if	hypothetical_inundation_extent[-1]	<	hypothetical_inundation_extent[0]:
								print("\n#	Conceptually,	this	data	shows	a	declining	trend	(last	value	<	first).")
				else:
								print("\n#	Conceptually,	this	data	does	not	show	a	clear	declining	trend	(last	value	>=	first).")
				print("#	The	paper	(Fig.	2)	uses	robust	statistical	methods	(Sen's	slope)	to	determine	actual	trends.")
else:
				print("Error	in	hypothetical	data	setup.")

[5]	Data	Insights	from	the	Paper	(requires	Python):

-	Obtain	user	consent	before	running	any	code.

-	[5a]	Compare	reported	trend	slopes	from	Figure	2:



#	Data	extracted	from	Figure	2	captions/text	in	the	paper
#	Format:	{Site:	{extent_slope_pct_yr,	volume_slope_GL_yr,	extent_significant,	volume_significant}}
#	Note:	Significance	(bolding	in	paper)	is	interpreted	here.
trends_fig2_data	=	{
"MDB	(Overall)":	{"ext":	-0.08,	"vol":	-1255.82,	"ext_sig":	False,	"vol_sig":	False},
"Northern	MDB":	{"ext":	-0.04,	"vol":	-233.45,	"ext_sig":	False,	"vol_sig":	False},
"Southern	MDB":	{"ext":	-0.17,	"vol":	-1016.65,	"ext_sig":	False,	"vol_sig":	False},
"CIA":	{"ext":	-1.50,	"vol":	-4.43,	"ext_sig":	True,	"vol_sig":	True},
"LBS":	{"ext":	-0.11,	"vol":	-13.60,	"ext_sig":	False,	"vol_sig":	False},
"Menindee":	{"ext":	-1.24,	"vol":	-159.16,	"ext_sig":	True,	"vol_sig":	False},
"Barmah	Forest":	{"ext":	-0.45,	"vol":	-0.85,	"ext_sig":	False,	"vol_sig":	False},	#	from	Fig	2g
"Chowilla":	{"ext":	-0.37,	"vol":	-1.28,	"ext_sig":	False,	"vol_sig":	False},	#	from	Fig	2h
"Macquarie	Marshes":	{"ext":	-0.11,	"vol":	-0.69,	"ext_sig":	False,	"vol_sig":	False}	#	from	Fig	2i
}
print("Trend	Slopes	from	Figure	2	(Sen's	Slope;	Teng	et	al.,	2025):")
print("Site	|	Extent	(%/yr)	|	Sig?	|	Volume	(GL/yr)	|	Sig?")
print("-------------------------------------------------------------------------")
for	site,	data	in	trends_fig2_data.items():
				print(f"{site:<20}	|	{data['ext']:13.2f}	|	{str(data['ext_sig']):<4}	|	{data['vol']:14.2f}	|	{str(data['vol_sig']):<4}")
print("\n#	'Sig?'	indicates	if	the	paper	highlighted	the	trend	as	statistically	significant	(bolded	in	Fig.	2).")
print("#	CIA	shows	significant	declines	in	both	extent	and	volume.")
print("#	Menindee	shows	a	significant	decline	in	extent.")

-	[5b]	Discuss	dominant	hydroclimate	drivers	(based	on	Fig.	3	R-squared	values):

-	Explain	that	Figure	3	shows	correlations	(R²)	between	inundation	extent	and	various	hydroclimate	

variables.

-	Point	out	that	"Maximum	30-day	runoff"	generally	has	the	highest	R²	values	across	MDB,	Northern	

MDB,	and	Southern	MDB,	indicating	it's	the	strongest	driver	among	those	tested.

-	(Optional	Python	code,	if	data	were	easily	extractable	for	Fig	3	for	multiple	variables):

#	Hypothetical	R-squared	values	inspired	by	Figure	3	for	MDB	Overall
#	This	is	for	demonstration;	actual	values	are	in	the	paper's	figure.
drivers_r_squared_mdb	=	{
				"Annual	rainfall":	0.58,
				"Max	7-day	rainfall":	0.32,
				"Max	30-day	rainfall":	0.18,	#	Note:	paper	R2	for	MDB	max	30-day	rainfall	is	0.18,	not	0.81
				"Annual	runoff":	0.82,
				"Max	7-day	runoff":	0.85,
				"Max	30-day	runoff":	0.91	#	This	is	consistently	high	in	the	paper
}
print("Illustrative	R-squared	values	for	MDB	Overall	(inspired	by	Fig.	3):")
print("Hydroclimate	Driver						|	R-squared	with	Inundation	Extent")
print("----------------------------------------------------------")
for	driver,	r2	in	drivers_r_squared_mdb.items():
				print(f"{driver:<26}	|	{r2:.2f}")

strongest_driver	=	max(drivers_r_squared_mdb,	key=drivers_r_squared_mdb.get)
print(f"\n#	Based	on	these	illustrative	values,	'{strongest_driver}'	has	the	highest	R-squared,")
print("#	suggesting	it's	the	most	correlated	driver	with	inundation	extent	for	MDB	overall.")
print("#	The	paper's	Figure	3	consistently	shows	'Maximum	30-day	runoff'	as	a	key	driver.")

[6]	Current	Context	&	News	(requires	Web	Search):

-	Obtain	user	consent	before	offering	to	search.

-	Suggest	specific	search	queries	based	on	the	options.

-	Present	a	brief	summary	of	top	2-3	search	results	if	possible,	or	links.

[7]	Ask	a	Specific	Question	about	the	Paper:

-	Allow	the	user	to	type	a	free-text	question.

-	Attempt	to	answer	based	only	on	the	paper's	content.	If	the	answer	isn't	in	the	paper,	state	

that.

[8]	About	this	Interactive	Explorer	(STDM):

-	"This	interactive	experience	is	powered	by	a	Self-Thinking	Data	Manifest	(STDM)	embedded	in	the	

paper.	It	uses	the	LLM's	capabilities	to	parse	the	paper	and	STDM	instructions	to	provide	

summaries,	explanations,	and	run	illustrative	code	or	web	searches	(with	your	permission).	The	

goal	is	to	make	the	paper's	content	more	accessible	and	engaging.	This	STDM	was	designed	based	on	

v0.1	of	the	STDM	specification."

												

User	Prompt	Templates	&	Fallback	Instructions



USER_PROMPT_TEMPLATE:
For	code_interpreter:	"This	paper's	STDM	requests	permission	to	run	sandboxed	Python	code	to	[briefly	explain	specific
purpose,	e.g.,	'illustrate	AEP	calculation'	or	'analyze	trend	data	from	Figure	2'].	This	is	for	illustrative/analytical	purposes
related	to	the	paper's	content.	Approve?	[Y/N]"

For	web_retrieval:	"This	paper's	STDM	requests	permission	to	search	the	web	for	'[search_query_topic]'.	This	can	help
provide	current	context	related	to	the	paper's	findings.	Approve?	[Y/N]"

FALLBACK_INSTRUCTIONS:
If	code_interpreter	is	unavailable	or	declined:	Explain	the	intended	code's	logic	and	the	concept	it	illustrates.	Suggest	the
user	could	copy	the	code	and	run	it	in	their	own	Python	environment.	For	data	analysis,	describe	the	type	of	analysis	that
would	be	performed.

If	web_retrieval	is	unavailable	or	declined:	Suggest	the	user	perform	manual	web	searches	using	the	proposed	queries	to
find	relevant	current	information.

If	Markdown	rendering	is	poor:	Use	plain	text	formatting	for	menus,	lists,	and	outputs,	ensuring	readability.

If	the	STDM's	GOAL	cannot	be	fully	met	due	to	LLM	limitations:	State	the	limitations	clearly	and	offer	to	proceed	with
available	capabilities	or	ask	the	user	for	alternative	ways	to	explore	the	paper's	content.

[STDM	END]


