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Abstract Coastal inundation occurs when the total height of mean sea level (MSL), tide, and surge,
including subsequent propagation into estuaries, exceeds a given threshold. We developed a nonparametric Joint
Probability of Maxima Method and applied to four major Australian estuaries, deriving frequency-based
exceedance thresholds and quantifying the respective contributions of sea level and estuary level components to
changing high water (HW) levels. Our approach removes fluvial from coastally driven flooding drivers for
determining HW exceedance thresholds at specific average recurrence intervals (ARIs) from joint probability
distributions. Distributions of total HW level at estuary entrances are obtained from sea level components: (a)
annual MSL, (b) HW tide levels, and (c) skew surges, accounting for seasonal co-variation. Two estuary level
components are introduced: (d) propagation and (e) deviation, representing the influences of estuary
morphology and hydrology on HW levels. Changes in the heights of exceedance levels were determined at
multiple locations within the Tweed, Hunter, Hawkesbury, and Swan estuaries (Australia) at 1, 5, and 10 years
ARIs. Using tide gauge observations alone, we show that while MSL is the dominant driver of increasing HW
levels between the two epochs compared (1986-2004 vs. 2005-2023), changes in tides and surges both add and
subtract from MSL at the coast, and changes in estuary components (tidal propagation and deviation) can be at
least as important as MSL. This approach provides an efficient way to quantify specific and localized changes in
the drivers of coastally driven flooding in these estuaries.

Plain Language Summary Small changes in any of the processes that affect the height of the high
tide can influence the risk of flooding in low-lying coastal zones. These changes are difficult to measure in
estuaries, where the tide meets with river flow in a confined space. In this study, we developed a method to
measure the changes in mean sea level (MSL), tides, and surges from the ocean, and additionally measure
changes in the way that the coastal water level is modified by estuary landforms and opposing river flow. Using
water level data from tide gauges in the Tweed, Hunter, Hawkesbury, and Swan estuaries in Australia, we first
remove river-source floods, then we assess the importance of coastally dominated processes to the difference in
the heights of high tides, comparing between two time periods from 19862004 to 2005-2023. We find that
changes in tidal behavior within these estuaries is important, accounting for more than the change in MSL for
two estuaries. This raises concerns for future coastal flood risk to be under or over-estimated. Our study provides
insight into how high tide levels can respond to both changing ocean and estuary conditions.

1. Introduction

Much of the global exposure to the increasing frequency of coastal flooding with sea level rise is connected to
estuaries (Woodroffe et al., 2012). Coastal flooding occurs when the water level exceeds the height of a given
flood threshold, usually during high tide (Thompson et al., 2021). High water (HW) exceedance thresholds
commonly define the limits for coastal development, according to the frequency considered tolerable for inun-
dation for the different assets at risk. Flooding with a 1 year average recurrence interval (ARI) may be considered
tolerable for some assets, such as footpaths and minor roads, while the same recurrence frequency may be
considered intolerable for other assets, such as emergency medical facilities. Estimating the change in HW ex-
ceedance levels as sea level rises is therefore needed at different ARIs for all low-lying areas connected to the
ocean.
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Observable sea level at the coast, excluding the effects of waves, is commonly represented as the sum of three
components: mean sea level (MSL), tides, and surges (Pugh & Woodworth, 2014). However, as tidal waves
propagate into estuaries they are modulated by interactions with estuary geometry, specifically estuary length,
depth, convergence (Du et al., 2018), and entrance constriction (D’ Alpaos et al., 2010), and further modulated by
interactions with river discharge (Robins et al., 2018). It therefore follows that the probability of coastal flooding
will be affected by any changes in sea level at the coast and any changes in the processes modulating HW levels
within an estuary.

Many studies have shown that changing tides and surges (Haigh et al., 2020; Li et al., 2022; Marcos & Wood-
worth, 2017; Mawdsley & Haigh, 2016) contribute in non-negligible ways to coastal flooding and that non-MSL
components can be at least as important as MSL. In Palmer et al. (2024), we reinforced these findings by
quantifying individual contributions of MSL, tides, and surges to changing exceedances. Water levels within
estuaries are often assumed to be comparable to sea level at the open coast, except for during major flood events
driven by extreme river discharges from terrestrial catchment sources (fluvial events). For flooding coinciding
with the high tide (i.e., coastally dominated), coastal exceedance thresholds are often determined from the sum of
MSL, reference tidal levels, and an allowance for storm surge (Hanslow et al., 2018; Sweet et al., 2018).
Following this, inundation risk assessments commonly employ static infill (i.e., bathtub) modeling to extend these
exceedance threshold levels into hydrologically connected low-lying areas surrounding estuaries, ignoring the
effects of propagation and variable estuary conditions. To account for tidal wave deformation during propagation,
Hanslow et al. (2018) adjusted tidal planes used in the estimation of threshold levels according to different
geomorphological estuary types, accounting for amplification and damping even in the absence of observations.
They showed that neglecting deformation in tidal propagation could result in under- or over-estimation of
inundation risk.

The average estuary depth, slope of the intertidal zone, and the cross-sectional area of constricted entrances are
important for controlling the rate of head loss during tidal exchange (D’ Alpaos et al., 2010). Relative sea level rise
alters these dynamics, depending on the residual sediment transport (Dronkers, 1986), the availability of low-
lying floodplains, and the entrance dimensions (Du et al., 2018; Friedrichs et al., 1990; Hummel & Sta-
cey, 2021; Palmer et al., 2019). Additionally, increasing penetration of the tidal wave into an estuary with sea
level rise can result in increased amplification as the wavelength approaches resonance frequency (Khojasteh
et al., 2020). Elevation of mean tide level and tidal planes relative to MSL along the estuary channel (ramping) is
additionally sensitive to changing water depth. Du et al. (2018) and Leuven et al. (2019) modeled the response of
tidal propagation to sea level rise in different types of estuaries and predicted that large deep estuaries with
existing tidal amplification will likely experience a reduction in amplification, and small shallow estuaries with
existing tidal damping will likely experience a reduction in damping. Conversely, Lee et al. (2017) indicated that
the construction of protections (levees or seawalls) along estuary shorelines to mitigate coastal flooding would
likely increase tidal range in Chesapeake and Delaware Bays.

In addition to changing tidal propagation in response to sea level rise and morphological modifications, river
flows into estuaries are affected by diversion, catchment land uses, and changing rainfall (Diirr et al., 2011). River
flows include drainage from rainfall catchments (including precipitation in the form of glacier and snow melt),
groundwater discharges from underground aquifers, and releases and overflows from terrestrial water storages.
Considerably higher water levels can be observed in upper estuary reaches during catchment-source extreme
discharge events, which generally decrease in size towards the estuary mouth as the flood discharges into the
ocean. These flood levels are typically expressed by heavy tails in the water level distributions due to their
exceptional magnitude compared with regular water level variability (Merz et al., 2022). Further, compound
events arising from both river flow and extreme sea levels increase the complexity in assessing and managing
coastal flood hazards as distinct from fluvial flood hazards (Zscheischler et al., 2020). Interactions between river
flow and tidal propagation have a nonlinear influence on water levels because of the friction between them,
mediated by stratification and mixing between freshwater and seawater (Cai et al., 2014). The likelihood of HW
exceedance above estuary thresholds depends on the specific physical relationships governing the hydraulic
gradients between ocean and estuary water levels, and the variation in this relationship due to interactions with
river flow.

Hydrodynamic models are commonly employed to apply the principles of fluid mechanics to represent water
motion within estuaries. However, the use of 2D and 3D hydrodynamic models for complex processes is limited
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by the significant requirements for observational data and the computational demand of solving the shallow water
equations and is typically reserved for single systems (Teng et al., 2017). As sea levels rise, coastal practitioners
require more locally relevant information incorporating the individual processes causing different types of coastal
flooding, (Hirschfeld et al., 2024). This type of information can guide how inundation frequency is likely to
evolve over time under various climate change scenarios, thus enabling spatially and temporally specific man-
agement interventions based on dynamic adaptive planning pathways.

In this work we present an approach which separates fluvially dominated flood levels from coastally dominated
HW exceedances levels and represents the variation in the height and timing of coastally driven HW levels at the
ocean boundary and within estuaries. We term our approach the JPMM+ which extends the Joint Probability of
Maxima Method (JPMM) for coastal HW exceedance levels developed in Palmer et al. (2024) to include the
influences of estuary morphology and hydrology under typical hydrological conditions. In addition to the three
sea level components defined for the JPMM: (a) annual MSL, (b) HW tide, and (c) skew surge, we add two
components incorporating the influences of estuary dynamics: (d) estuary propagation, and (e) estuary deviation.
The estuary propagation component captures the influence of physical geometry on the propagation of tides and
surges, without requiring bathymetric data. The estuary deviation component captures the transitory effects of
variability in antecedent levels, including the effects of freshwater inputs and superelevation due to the delayed
discharge rate (head loss) preceding a HW, and the influences of friction and mixing during both seasonal and
storm event river discharges, without requiring river discharge or meteorological data.

We apply this approach to estimate the heights of specific HW exceedance thresholds at 1, 5, and 10-year ARISs for
tide gauge sites within four contrasting Australian estuaries. These 1, 5, and 10-year ARI levels are chosen as
indicative thresholds for coastal flooding (i.e., coastally dominant), excluding fluvial events driven by catchment
runoff sources (i.e., fluvially dominant). We briefly consider the removed fluvial events, and then compare the
difference in coastally dominated HW exceedance levels between two 19-year epochs, from 1986-2004 to
20052023, and quantify the respective contributions of sea level and estuary level components to those
differences.

2. Methods
2.1. Site Selection

The four estuaries studied are shown in Figure 1: (a) Tweed River, (b) Hunter River, (c) Hawkesbury River
(including Brisbane Water), and (d) Swan River (including Canning River), located on the east (a, b, c) and west
(d) coasts of Australia. Herein, we use abbreviated versions of the gazetted names. The Hawkesbury River (within
the Hawkesbury) and the Swan are classified as drowned river valley type estuaries (Roper et al., 2010). The
Tweed, Hunter, and Brisbane Water (within the Hawkesbury) are classified as barrier type estuaries (Hodgkin &
Hesp, 1998; Roper et al., 2010). These systems were selected to represent different morphological types, sizes,
modifications, and catchment drainage characteristics, with different tidal/water level regimes and exposures to
ocean and rainfall climates. Physical attributes of each estuary are provided in Table 1. Sites were also selected
because of their known exposure to high tide flooding (Eliot, 2012; Hanslow et al., 2018), combined with their
strong history of water level monitoring, with each estuary having near continuous observations of water levels
concurrently at multiple locations between 1986/7 to 2023 (inclusive).

The New South Wales (NSW) systems (Tweed, Hunter, and Hawkesbury) are microtidal (1-2 m range), and have
semidiurnal regimes with significant daily and fortnightly tidal variability. The Swan in Western Australia (WA)
is also microtidal (0.5-1 m range), has a diurnal regime, and significant inter-annual MSL, seasonal, and lunar
nodal cycle variability relative to tidal variability (Eliot, 2012). The NSW coast is exposed to sea level extremes
caused by East Coast Lows (Mclnnes et al., 2016), while the south WA coast is exposed to extratropical cyclones
(Haigh et al., 2014), and significant and frequent meteorological tsunamis (Pattiaratchi & Wijeratne, 2014). Both
are exposed to regular coastal trapped waves which are a significant contributor to water level variability (Maiwa
et al., 2010; Viola et al., 2024; Woodham et al., 2013).

2.2. Data

Tide gauge observations were obtained from the respective State agencies. The NSW estuary data were obtained
from Manly Hydraulics Laboratory (MHL, 2024). The WA data were obtained from Department of Transport
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Figure 1. Four Australian estuaries studied: Tweed, Hunter, and Hawkesbury (all in NSW), and Swan in WA (top to bottom).
Network diagrams (center) represent connections between the entrance site (blue circle) and estuary node sites, numbered in
order of increasing distance from the ocean boundary along estuary channels (red dashed line; left). Tide gauge data
availability between 1986 and 2023 shown right. Map sources: ASGS digital boundaries (ABS, 2021), shaded relief (ESRI).

(DoT) for the Fremantle Fishing Boat Harbor and Barrack Street sites (DoT, 2023), and Water Information
Reporting (WIR) for the Canning River Kent Street Bridge and Meadow Street Bridge sites (WIR, 2023). The
NSW data for Tweed, Hunter, and Hawkesbury estuaries were supplied at 15-min intervals. Observations with

data quality rated less than fair were removed, in the cases where data quality flags were supplied. The WA data

PALMER ET AL.

4 of 20

85U9D 1 SUOLULLIOD) BANERID 3|qeatjdde au Aq pausenoB a2 s3I YO ‘BSN J0 S3|NI 10) ARIqIT BUIIUO AB]IA UO (SUOIPLOD-PUE-SULBLIOD A8 [IWARe.q1 U UO//SUNY) SUORIPUOD PU. SWB | 8U) 855 *[9202/S0/2T] UO ARIGIT 8UIIUO AB]IM *|1DUN0D LDIEaSaY [EDINSIA PUY U3ESH [RUOIEN AQ G/ T90043G202/620T OT/I0p/wod’ A 1m Akeiqijpuluo'sqndnBey/sdiy Wwolj papeo|umoq 'S ‘9202 'L.2v8Zee



Ay
et Earth's Future 10.1029/2025EF006175
Table 1 for Swan were supplied at varying intervals between 5-min to hourly for DoT

Physical Attributes of Four Estuary Systems Studied, NSW Data From Roper
et al. (2010), WA Data From Hodgkin and Hesp (1998)

gauges, with upstream data from WIR recorded as maximum levels per hour.
Data from NSW sites were analyzed at 15-min intervals, data from WA sites

were linearly interpolated to hourly intervals. Each time series was adjusted

Estuary Type Attributes
Tweed — Lonath ok from local standard time to UTC. All water levels were offset to AHD71,
wee armier engt m s which approximates MSL between 1966 and 1986 around the Australian
Lat: —28.17° Catchment Area 1055 km mainland coastline (Featherstone & Kuhn, 2006).
Lon: 153.56° Estuary Area 22 km? . .
i The tide gauge records were used to compare the change in estuary and sea
Hunter Barrier Length 50 km .
R level components between two distinct 19-year epochs: 1986-2004 and
Lat: —32.91 Catchment Area 21,367 km 2005-2023. In some cases, records were combined to extend discontinued
Lon: 151.8° Estuary Area 47 km? records using data from a newer gauge in a nearby location, if overlapping
Hawkesbury Drowned river valley Length 125 km periods of observation demonstrated they were comparable. Where contin-
Lat: —33.56° Catchment Area 21,600 km? uous or combined records were not available for 70% of the period (14 out of
Lon: 151.31° i A 114 km? 19 years with >6 months data completeness) for both epochs, we retained
. those sites for computing component and exceedance level characteristics but
Brisbane Water ~ Barrier Length 25 km e - .
excluded them for quantifying the differences between epochs.
Lat: —33.35° Catchment Area 152 km?
Lon: 153.1° Ty 28 km? We nominated a site at or near the estuary entrance to represent water level
. variability dominated by ocean processes. We note that these specific sites are
Swan Drowned river valley Length 50 km . . . .
s sometimes located in constricted entrances or some distance from the ocean
Lt 220 Comliment Acer 12220 e boundary and can therefore be reasonably expected to include some effects
Lon: 115.74° Estuary Area 50 km® from estuary processes, engineered structures, and management in-

terventions. The estuary sites upstream of the entrance were nominated as
“nodes.” The connections between the entrance and nodes within each estuary are shown diagrammatically in
Figure 1. The entrance record was required to have >14 out of 19 years having >6 months data completeness for
both epochs.

2.3. Isolating Fluvial Events

Fluvial events were identified by analyzing the heavy-tailed behavior of the non-tidal residuals (NTRs). To obtain
the NTRs, harmonic analyses were performed using the UTide MATLAB Toolbox (Codiga, 2011) 1 year at a time
incorporating data Jan-Dec (extended 1 day either side) for all years where a minimum of 6 months data were
available. Before undertaking harmonic analyses, exceptionally large values were removed using the IQR method
(Tukey, 1977). Outliers in water level observations ¢ are defined by

Outliers > Q3 + 3IQR; (1)
where the interquartile range (IQR) = Q3; — Q1;, and Q1 and Q3. are the first and third quartiles of water level
observations &, respectively.

The default configuration for constituent selection in UTide was adopted, which iteratively excludes constituents
with a signal-to-noise ratio <2 and includes annual (Sa) and semi-annual (Ssa) constituents among the 146
defined constants. The resulting harmonic coefficients were used to compute the astronomical tide and obtain Z,
used for the annual MSL component. NTRs were then computed from the difference between observed and
predicted levels.

Two limits were defined for isolating fluvial events according to the definitions for characterizing the properties
of heavy-tailed distributions by Jordanova and Petkova (2017). Based on the IQR method, definitions for
moderate and extreme outliers from (Tukey, 1977), fluvial events were identified where the computed NTRs
exceeded the Ly, limit for the duration that they exceeded the Lgyep, limit as given by

Lpeax = O3nrr + 3IQRNTR
Levem = Q3NTR + 1'SI(QRNTR

2

where Qlytr, O3nTR, a0d IQRy TR are found from the quartiles of the NTRs.
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Figure 2. Identification of fluvial events within an estuary and removal of fluvial-affected high waters (HWs) in water level (WL) observations, using the 28-Feb-2022
fluvial event observed at three tide gauges within the Tweed, NSW, for illustration. Selected sites are ordered left to right in decreasing distance from the ocean
boundary. The fluvial event magnitude and duration at each site are defined by limits Ly, and Le,eq applied to computed non-tidal residual (NTR) levels, right axis.

Limits were computed and fluvial events identified for individual entrance and estuary sites on an annual basis,
and 18 hr was chosen as the minimum duration for defining and separating an event. All sites were assessed to
account for local differences in event characteristics. The duration of individual fluvial events was determined
from the start and end points where NTRs exceeded the Ly, limit (illustrated in Figure 2). Sometimes during
extended fluvial events, NTRs fall below the L., limit briefly in between multiple flood peaks (e.g., Barneys
Point, Figure 2). Extended fluvial events where consecutive flood periods were separated by <18 hr were sub-
sequently combined. Fluvial events with a total duration of <18 hr were excluded.

The 18-hr duration limit was chosen to exclude brief fluctuations in local water levels from sustained elevated
water levels associated with wider fluvially driven flooding. The separation limit is sufficiently long to avoid
events which are otherwise indistinguishable from high tide flooding events. The duration, timing, and height of
each fluvial event identified were stored for later inspection, described in Section 3.3. Annual L, limits and

identified fluvial events are shown plotted for each site in Figures S1.1-S1.4 of Supporting Information S1.

Water levels observed during identified fluvial events are classed as fluvially dominated, recognizing that coastal
effects are still present during fluvial events. The remaining HW levels are classed as coastally dominated,
recognizing that fluvial effects are still present. For coastally dominated water level analysis, observed and
predicted HWs were identified, and skew surges were calculated using the Tide Peaks Toolbox (Palmer, 2023) in
MATLAB. The skew surge is the height difference between observed and predicted HWs, ignoring any timing
difference. Tidal datums and planes were derived from the obtained peaks and troughs via the method described in
Palmer et al. (2023) and are provided in Figures S2.1-S1.4 of Supporting Information S1.

Any HWs occurring during identified fluvial events were removed from the observed HW level data at each
individual site. Additionally, for the duration of fluvial events identified at upstream sites, elevated HW level data
were removed from downstream sites, defined as where the HW skew surge exceeded the L., limit. For
example, the HWs removed during the February 2022 fluvial event at the Tweed Heads entrance and Tumbulgum
estuary node sites in the Tweed River, NSW, are shown by the red crosses in Figure 2. This measure excludes
those HW levels for the duration of fluvial events identified upstream, even if the L., limit was not exceeded at
the specific entrance or node. The remaining HW peak levels were then used to form sea level and estuary level
PDFs.

2.4. Separating Sea Level Components

For each estuary system, we treat the entrance gauge differently in order to represent ocean conditions at the coast.
Following the definitions in Palmer et al. (2024), we separate the three main components of the total HW level
(excluding waves) as follows:

1. Annual MSL
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Figure 3. Annual mean sea level (MSL) component distributions P (z) for two 19-year epochs from the tide gauge record nearest the entrance for the Hunter, NSW
(right). Hourly sea level is averaged monthly (blue), averaged annually from the Z, term obtained from harmonic analysis (black), and averaged over two 19-year epochs
(gray = epoch 1, orange = epoch 2). MSL values are above the relevant datum (y-axis). Statistics shown for mean (uMSL) and IQR are computed from Z,,.

2. HW tide: the height of each astronomical HW above the respective annual MSL, and
3. Skew surge: the height of the nearest observed HW above each predicted astronomical HW.

The three sea level components for each epoch are represented by PDFs. The PDF for each component is formed
by counting the number of HW occurrences using bins of 1 cm in height. The annual MSL component Py (z)
(Figure 3) is derived from the Z;, term from the harmonic analysis representing MSL (relative to the land), noting
that Z, can vary marginally from the arithmetic mean of the observations over the same period.

Based on the assumption that the sea level components are statistically independent, the PDF of the sum of sea
level components is derived from the convolution of the PDFs of each sea level component. The PDF of the sum
of tide and surge P, , (z) —not accounting for seasonal co-variation (NSA)—is given by the convolution of the
PDF of HW tide Pyq.(z) with the PDF of skew surge Pyyoe(2)

(o]

Pt+s,nsa(z) = Ptide(z)* Psurge(z) = / Ptide(é) Psurge(Z - g) di: (3)

—0o0

where the convolution is expressed by the asterisk operator (*) and ¢ is the variable of integration.

To obtain the HW tide and surge convolution which accounts for seasonal co-variation (SA), the tide and surge
component PDFs are derived separately for each month as shown in Figure 4 (in Section 2.5). Months are defined
as 12 equal length periods of 30.44 days and HW tide levels and skew surges are binned and cumulated by month
to produce 12 PDFs per epoch. Following the approach from Palmer et al. (2024), the monthly probabilities are
then summed across each 1 cm increment in bin height, weighting each as 1/12th of the total probability. The PDF
of the sum of tide and surge P, , ((z) —accounting for seasonal co-variation (SA)—is given by

|2 ,
Prissa(2) = T D Piae(@®) * Plyge2) )
i=1

where Pi,.(z) and P! .(z) represent the PDFs of the HW tide and skew surge components binned in equal-length

surge

months denoted by i.
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Figure 4. Components of the PDF of total HW level at the entrance in blue (left; Stockton Bridge) and within the estuary in green (right; Morpeth) for the Hunter, NSW.
The entrance total HW level includes annual mean sea level (not shown). Summed total HW level shown accounting for (SA) and not accounting for seasonal co-
variation (NSA), with differences in 1-year average recurrence interval level compared between SA and NSA.

The PDF of total HW level for each entrance for each epoch is then obtained by convolving P, ;,(z) from
Equation 4 with the PDF of annual MSL P, (z) . The PDF of entrance total HW level P; (z) combines the three

ocean components: annual MSL, HW tide, and HW skew surge, given by
Pég(z) = PZU(Z)* Pt+s,sa(z) (5)

Finally, in preparation for the next stage in computing the PDFs of estuary total HW level (Section 2.5), monthly
PDFs were derived for total HW level at the entrance Péo (z) by

PL (2) = Pz, ()% Pl ()% Plye(2) = Py (2)% PL, (2) (©)

To illustrate, the monthly and total PDFs of tide, surge, and total HW level are shown for the Hunter entrance site
(Stockton Bridge) in Figure 4 (left-hand panels), Section 2.5. Equation 6 accounts for the month-to-month
variation in the PDFs of the tide and surge components, and their interaction. The PDF derived from the tide
and surge PDFs for each epoch (without separating by month, i.e., Equation 3) which does not account for
seasonal variation is shown in black and labeled “NSA” in Figure 4. The PDF derived from monthly PDFs (i.e.,
Equation 6) which accounts for seasonal co-variation is shown in blue, labeled “SA” in Figure 4. The difference in
the NSA and SA 1 year ARI levels for total HW indicates the effect of seasonality on the resultant PDFs. We
explain how the ARI levels were computed in Section 2.6.

2.5. Separating Estuary Level Components

For the sites upstream from the entrance, we specify two additional components that describe the difference in
HW levels between the estuary entrance and each upstream node. The estuary level components are defined as
follows:
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1. Estuary HW propagation: the total HW level anticipated at an estuary node in response to the total HW level
observed at the entrance, and

2. Estuary HW deviation: the deviation of estuary HW level from the anticipated response to total HW level
observed at the entrance.

The difference in HW levels between the entrance and each estuary node is characterized by a linear relationship
which we term the propagation response function (PRF). Each observed HW level at the entrance was matched to
the next HW level observed at each estuary node. The differences in the height and timing of the observed HW
peak as the tidal wave propagates through the estuary reflect the distorting influences of estuary geometry and
hydrology on HW levels, including the differing effects of friction and intertidal storage capacity at different
elevations, and the amplification (amping) or damping of tidal amplitudes, and the ramping of tidal planes. At
each estuary node x, the observed HW level &, and the level of the observed HW preceding it at the entrance &,
are modeled by

fx = 6)( + 0oy
M

=aly+b,+o,

where 0, and o, are propagation and deviation components, respectively, and a, and b, are the propagation
response function coefficients. The coefficients a, and b, are calculated by conventional linear regression, by
minimizing the sum of squared residuals (7)% over all (&), £,) pairs. Propagation response function coefficients for
each estuary node for each epoch (a and b), including 95% confidence intervals, residuals, and Q-Q plots, are
included in Table S3 and Figures S4.1-S4.4 of Supporting Information S1.

The PDF of the propagation component for month 7 is then obtained from the PDF of total HW level at the
entrance, transformed by the propagation response function

P‘éo (Z) ((Z - bx)/ax)

Ay

PL(2) = ®)

Next, the estuary deviation components are obtained, representing variation from the propagation response. The
PDF of the deviation component Pfrx(z) for month i is formed from the residuals o, obtained from the difference
between the observed estuary HW levels and the propagation response function. The deviation component
captures variability in HW levels due to estuary processes at each upstream node. Such processes may include
(but are not limited to) the effects of variable river flow, spring tidal pumping, dredging works, post-storm
sediment redistribution, dam storage releases, and superelevation of water levels driven by wind and wave setup.

Finally, for each estuary node x, the PDF of total HW level P; (z) is obtained by summing the 12 convolutions of
the PDFs of HW propagation P(’;) (z) and HW deviation Pf,x (z) components, weighting each as 1/12th of the total

probability, given as

12
P =13 D P @ P @ ©)
i=1

The PDF of estuary total HW level P; (z) includes the combined influences of sea level components (MSL, tide,
and surge) at the entrance, the propagation of entrance HW levels along the estuary, and the deviation due to
variations in estuary hydraulic conditions, accounting for seasonal co-variation between tides and surges, and
between ocean and estuary conditions. The monthly and total PDFs for HW propagation, deviation, and the total
HW levels obtained at estuary nodes are shown for epoch 2 at Morpeth (node 6) in the Hunter in Figure 4 (right-
side panels).

2.6. Quantifying the Contributions to Changing Exceedances

For each epoch at each entrance and estuary node, the HW exceedance thresholds for each ARI level were
computed from the respective PDFs of total HW level Py (z) and P (z), according to the mean number of tides
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Figure 5. Estimation of changes in exceedance levels between two 19-year epochs at both entrance (left) and estuary node (right) sites, using the Tweed (NSW) for
example, The difference in height AH from epoch 1 to epoch 2 is computed for 1, 5, and 10 year average recurrence interval exceedance levels between respective total

high water (HW) level distributions.

per year n. The threshold level H is the bin height at which the exceedance probabilities reach 1, 0.2, and 0.1 (for
1,5, and 10 year ARI levels, respectively). The expected number of exceedances N per year above threshold H in
epoch E are given by

Ng = /‘wn.Pf(z)dz (10)
H

These exceedance levels are shown by the solid, dashed, and dotted lines respectively on the total HW level
distributions in Figure 5. The change in exceedance levels AH was measured as the height difference between
ARI thresholds from H; for epoch 1 to H, for epoch 2, given by

To quantify the individual contributions of each component to changes in the height (AH) of each exceedance
threshold level (Figure 5), the total HW level PDF for epoch 2 was re-computed with one component replaced by
the epoch 1 equivalent. At the entrance, this is undertaken by replacing MSL, tide, or surge components indi-
vidually in Equations 4 and 5. For each estuary node, the contribution of combined sea level components was
quantified by replacing the epoch 2 total HW level Py (z) with the equivalent from epoch 1 in Equation 8,
retaining the propagation response function coefficients and deviation PDFs from epoch 2. Then, to quantify the
propagation contribution, the propagation response function coefficients a, and b, were replaced with the co-
efficients from epoch 1 in Equation 8, retaining the entrance total HW level and deviation PDFs from epoch 2.
Lastly, the deviation contribution was quantified by replacing with the P";X (z) PDFs from epoch 1 in Equation 9,
retaining the entrance total HW level and propagation PDFs from epoch 2. For each replacement, the resultant
PDF of total HW level gives the height of each ARI threshold minus the contribution from the substituted
component.
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Figure 6. Hydrographs depicting individual fluvial events identified at upstream tide gauge sites in four estuary systems for epoch 1: 1986-2004 (blue) and epoch 2:
2005-2023 (red). The peak level during each event is aligned with zero on the x-axis to illustrate the comparative durations (in hours) and magnitudes of each event

(# = total count of events identified).

3. Results

Firstly, we briefly describe the removed fluvial events defined as fluvially dominated water levels (Section 3.1).
Then, using the remaining coastally dominated HW data, we quantify the differences in estuary propagation
properties between epochs (Section 3.2). Lastly, we quantify the change AH in HW exceedance levels at the 1, 5,
and 10 year ARIs at entrance and estuary node sites, and the respective individual contributions of sea level and
estuary components (Section 3.3).

3.1. Fluvial Event Hydrographs

Fluvial event hydrographs depict the observed water levels over the duration of each singular identified fluvial
event. Hydrographs are shown in Figure 6 for the most upstream site studied in each of the Tweed, Hunter,
Hawkesbury, and Swan systems, allowing a visual inspection of differences in characteristics between events and
between sites. Events occurring in epoch 1 are colored blue and epoch 2 colored red; the differences between
epochs are not further assessed.

The total count, magnitude, duration, timing, and shape of fluvial events vary between sites, between estuaries,
and between epochs. The count (indicated by # = the total number of events identified during the period of
observation), and the magnitude of events, typically decreased downstream along each branch within each es-
tuary, noting that the count is influenced by whether closely occurring events are combined. Individual fluvial
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events were observed to exhibit different characteristics in separate branches or were identified in one branch and
not another. Exceptionally large events occurred exclusively in the upper reaches of each estuary. For events
identified at entrance sites, the fluvial classification was confirmed by comparing with events identified at up-
stream sites (Figures S2.1-S2.4 in Supporting Information S1).

During exceptionally large events (e.g., the 28-Feb-2022 event at Tumbulgum shown in Figure 2), the effect of
river discharge greatly exceeds tidal influence for much of the event. Multiple water level peaks during fluvial
events sometimes occurred due to the interaction of the flood with high tides and at other times because of
separate flood pulses. The expression of exceptionally large events varied between the four estuary systems with
the largest magnitude events observed in the upper Hawkesbury River (peak levels between 4 and 12 m above
predicted water level). Significant variation also existed between individual fluvial events at the same site. For
example, at upstream sites in the Hawkesbury, hydrographs from many events followed a similar symmetrical
parabolic shape but with varying peak heights, whereas at upstream sites in the Hunter, there was less variation in
peak height and greater variation in duration and form.

Flood peak limits (L) computed annually to identify fluvial events tended to be slightly higher and have more
variation between years at upstream sites where larger magnitude peaks were observed. Variation in L, be-
tween years at any site indicates that minor flood levels identified in some years may not have qualified as fluvial
events in other years due to greater NTR variation. Larger NTR variation also indicates those sites where
catchment saturation and full capacity reservoirs result in higher than average river discharge during coastally
dominant conditions. These elevated river levels and wetter than average years are captured in the estuary de-
viation component P";((z) , which represents the transitory deviation of water levels from the typical propagation
response, described in the next section. We return to the implications of varying flood limits for quantifying the
component contributions to changing exceedance levels in the discussion.

3.2. Estuary Propagation

We next focus on the changing characteristics of HW levels at each entrance and estuary node site during
coastally dominant conditions. The propagation response functions computed over the two epochs (thick colored
lines) and computed annually (thin gray lines) are shown in the left panels of Figure 7 for epoch 1. Slope co-
efficients a and offset coefficients b are shown in the center and right panels of Figure 7, respectively, in blues for
epoch 1 and reds for epoch 2, with 95% confidence intervals. A significant difference in slope between epochs
represents a change in the proportional response of the estuary node HW to the magnitude of the observed
entrance HW level. An increase in slope indicates greater efficiency in the water exchange between the estuary
and ocean. Differences in offset represent a change in amping of tidal amplitude or ramping along the estuary. The
1:1 line (black dashed) represents equal entrance and node HW levels. Attribution of changes in the offset to either
amping of tidal amplitudes or ramping of tidal planes was made by inspecting the differences in tidal planes
between epochs (Figures S2.1-S2.4 in Supporting Information S1).

Propagation response function coefficients @ and b computed annually vary from coefficients computed over the
entire epoch at some estuary nodes more than others. Greater variation in propagation response functions
determined from annual data is prominent at sites where the fluvial event count is higher (i.e., # >100 events).
Year-to-year differences in tidal propagation due to variable river discharge are captured in the residuals used to
form the deviation component. Therefore, differences in the propagation component between epochs indicate
differences in the long-term propagation behavior, while changes in the deviation component indicate differences
in short-term influences on HW levels.

Differences in coefficients a and b were considered statistically significant if the 95% confidence intervals (shown
in Figure 7) did not overlap. Using the Tweed for illustration (top row of Figure 7), the increase in slope coef-
ficient (a) at all estuary node stations was significant, indicating increased efficiency in water exchange,
throughout the estuary between epochs. The differences in the offset coefficient (b) were significant for Terranora
(node 4) only. To expand, the increase in a at Terranora from 0.761 (£0.005) to 0.798 (£0.003) represents an
increase of 0.037 (£0.006). This corresponds to an increase in the height of the 1 year ARI level of 0.044 m
(0.037 X 1.19 m = 0.044 m), where 1.19 m is the 1 year ARI level for Tweed Heads (entrance) in epoch 2.
Additionally, the increase in b from 0.037 m (£0.005) to 0.046 m (£0.002) represents an increase at Terranora of
0.009 m (£0.004).
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Figure 7. Propagation response functions (PRF) defining the typical HW level §, at each estuary node site (y-axis) in response to the observed HW level &, observed at
the entrances (x-axis) of four Australian estuaries (left panels). PRF coefficients a and b shown with 95% confidence intervals (center and right panels, respectively) for
two 19-year epochs (epoch 1 = blues, epoch 2 = reds). Shades of blue and red range from dark to light with distance from the ocean boundary.

Differences in offset coefficient b did not necessarily correspond to differences in tidal range. For example,

differences in the offset b between epochs were insignificant in the Tweed (except at Terranora) indicating

negligible change in amplification in tidal amplitude and ramping. However, greater tidal range (GTR), computed
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as the difference between MHHW (Mean Higher High Water) and MLLW (Mean Lower Low Water), increased
0.04-0.10 m. Tidal planes (Figure S2.1 in Supporting Information S1) show higher HWs but not LWs, relative to
MSL. Therefore, increased GTR can be attributed to increased slope (the proportional response of estuary HW to
the entrance HW), not increased offset.

Significant differences in slope and offset coefficients are seen in the Hunter, Hawkesbury, and Swan systems.
Decreased offset (b) upstream from Hexham Bridge (node 1) in the Hunter (second row of Figure 7) corresponded
with reduction in GTR of 0.04 m, counteracted by increased slope (a) at Hinton Bridge (representing 0.042 m,
0.044 m, and 0.046 m increases in 1, 5, and 10 year ARI levels, respectively), and compounded by decreased slope
at Raymond Bridge (representing 0.021, 0.021, and 0.022 m decreases in 1, 5, and 10 year ARI levels, respec-
tively). Increases were significant for both slope and offset coefficients at all estuary nodes in the Hawkesbury
system (third row of Figure 7). These differences indicate increased propagation efficiency in both Brisbane
Water and Hawkesbury River branches, with increase in offset () corresponding with increased ramping of tidal
planes relative to MSL (but not increased GTR). In the Swan (bottom row of Figure 7), significant reductions in
slope coefficients were partially counteracted by significant increases in offset coefficients. Increased offset
coefficients indicate reduced tidal damping, which are expressed in increased GTR, but not in the relative heights
of 1, 5, and 10 year ARI levels above MSL (Figure S2.4 in Supporting Information S1).

3.3. Changing Exceedance Levels

Exceedance levels at 1, 5, and 10 year ARIs increased from epoch 1 (1986-2004) to epoch 2 (2005-2023) at all
four entrance sites and at most of the 17 estuary node sites studied. The total changes (AH) in exceedance levels,
expressed in cm units, are illustrated in Figure 8 by the black blocks. The smallest AH computed at any entrance
was seen at Patonga in the Hawkesbury River, with an increase of 1, 2, and 1 cm between epochs at 1, 5, and
10 year ARI levels, respectively. The largest increase was seen at Tweed Heads in the Tweed River, with an
increase of 7, 5, and 6 cm between epochs, respectively. We note that the 1 cm precision of the estimates is defined
by the bin widths of the distributions, and that rounding errors in the discretization of the distributions create
differences of up to £2 cm between the total change and the sum of individual contributions. A summary of
contributions is provided in Table S5 of Supporting Information S1.

The total change in exceedance levels at each entrance site can be approximately determined from the sum of
contributions from sea level components (MSL, HW tide, and HW skew surge). Negative contributions often
counteract positive contributions. The respective sea level (SL) contributions are shown in 1 cm blocks for the
leftmost bar within each estuary group in Figure 8, colored blue for MSL, magenta for tide, and orange for surge
components. At all entrance sites, increasing MSL was the dominant contributing component to AH. For the
entrances of the Hawkesbury and Swan systems, the MSL contribution was offset by negative contributions from
tides and surge components, respectively. For the Tweed and Hunter entrances, there were negligible contri-
butions from the surge component, with changing tides making a positive contribution to AH in the Tweed and
negative contribution to AH in the Hunter.

The magnitude of total AH at estuary nodes often varied from the respective AH at the entrance. These differences
were seen within systems and between ARI levels, shown in panels a—c of Figure 8, where a positive AH at the
entrance corresponded with higher or lower AH at respective estuary nodes. For example, in the Tweed, an
entrance AH of 7 cm at 1 yr (Figures 8a), 5 cm at 5 yr (Figure 8b), and 6 cm at 10 yr ARI levels (Figure 8c)
corresponded with lower AH at node 2 but higher AH at nodes 3—6 across all ARI levels. In the Hunter, AH at
estuary nodes varied according to ARI level. While the entrance AH increased by 5—7 cm across increasing ARI
levels (similar in magnitude to the Tweed entrance AH), the corresponding AH was lower at nodes 1-3. The AH
atnodes 1 and 2 decreased with ARI level, at node 3 remained relatively constant, and increased with ARI level at
nodes 5 and 6. The smallest variation in AH between ARI levels was seen for the entrance sites across all sites,
while the largest variation in AH between ARI levels was seen for estuary nodes furthest upstream in the Hunter
and Hawkesbury systems.

Following the entrance sites, the total AH at each estuary node can be approximated by the sum of contributions.
In Figure 8, the contribution from changes in the entrance HW level &, at upstream estuary nodes is shown by the
gray blocks, the contributions from changes in the propagation response are shown in green blocks, and the
contributions from changes in the deviation of HW level from the propagation response are shown in yellow
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Figure 8. Changes (AH) in exceedance levels between two 19-year epochs (1986-2004 vs. 2005-2023) for four estuaries at; (a) 1 year, (b) 5 year, and (c) 10 year average
recurrence interval levels. Sites within each estuary (top) are numbered left to right in panels a—c with increasing distance from the entrance. Total change in exceedance
levels is shown by black blocks, with positive or negative contributions of sea level (SL) components: mean sea level, tide, surge, and estuary components: propagation
response function (PRF) and deviation (Dev), shown in 1 cm blocks. Gray blocks represent the contribution of combined changes in sea level components at estuary

nodes.

blocks. The gray blocks combine the respective contributions of MSL, tide, and surge carried upstream, illus-
trating that changes at the ocean boundary can manifest differently upstream. The magnitude of the contributions
from changes in sea level components (gray blocks in Figure 8 varied along each estuary system, and between
ARI levels. Contributions from estuary components (green and yellow blocks in Figure 8 were often comparable
or greater in magnitude than the contributions of changes in sea level components. The grayed sites in the estuary
network diagrams (top: Figure 8) were excluded based on insufficient data for comparing between epochs.
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The contributions from changes in the propagation response function were predominantly positive in the Tweed
and Hawkesbury and negative in the Hunter and Swan. The contributions from the deviation component were
predominantly negative, with large positive contributions seen upstream in the Hunter and Hawkesbury. In the
Hawkesbury, the positive propagation contributions and negative deviation contributions were comparable for
both the Brisbane Water branch (nodes numbered 1 and 2) and along the Hawkesbury River to Sackville (node
10). Upstream at Windsor (node 11) the deviation contribution was positive instead of negative and larger in
magnitude. The propagation and deviation contributions generally increased in magnitude with ARI level (i.e.,
from Figures 8a—8c). The differences between epochs in HW levels provide insight into the complex in-
terrelationships between sea levels at the ocean boundary, estuary morphology and river flow under coastally
dominant conditions.

4. Discussion

The frequency of coastal flooding within estuaries is influenced by changes in oceanographic conditions at the
coast, changing hydraulic conditions as a result of anthropogenic modifications to estuary morphology and
diversion of river flows, and further influenced by changes in rainfall and runoff conditions in estuary catchments
(Fryirs et al., 2023; Liu et al., 2022; Robins et al., 2018). We investigated the differences in coastally driven HW
levels within the Tweed, Hunter, Hawkesbury, and Swan estuaries in response to sea level changes at the ocean
boundary, enabling a comparison to the SLR response expected for these types of estuaries. The effects of
changing conditions within each estuary and catchment were quantified by two newly defined estuary level
components - the propagation and deviation components. To quantify the sum and individual contributions to
changes in exceedance levels at 1, 5, and 10 year ARIs for coastally dominant HWs, the fluvially dominant
behavior during catchment-source events was first removed.

4.1. Fluvial Flood Events

The Lycy and Leyey limits based on the simple IQR method are here used to separate water levels during average
hydrological conditions from extreme water levels during fluvial events. The definition of extreme outlier water
levels in heavy-tailed NTR distributions targets values which are exceptional in magnitude. For the estuaries
studied, fluvial events and surge events present with distinct NTR traits; fluvial event NTRs increase and decrease
sporadically and exhibit inverse tidal oscillations (e.g., Figure 2) whereas surge event NTRs rise and fall more
evenly. The distinct traits associated with fluvial events present as clusters and discontinuities in the upper tail of
the water level distribution which compromise the reliability of exceedance probability curves. Further inves-
tigation is needed to test applicability to estuaries in other locations exposed to large surges and distinct surge
event types (e.g., tropical cyclones). The 18 hr minimum duration and separation defining individual events also
requires validation for other locations and applications (Tarasova et al., 2019).

Variation in limits between nodes, estuaries, and years affects the estimation of the contributions of surge and
deviation components to AH, particularly at flood-prone upstream nodes. Higher Ly, limits were computed in
those years where multiple significant floods occurred. For example, during the observation period in 2022, heavy
and sustained rainfall caused extensive and destructive flooding across eastern Australia (Fryirs et al., 2023),
including the Tweed, Hunter, and Hawkesbury catchments. The Ly, limits computed for the year 2022 were

elevated for the Hawkesbury and Hunter, and to a lesser degree, the Tweed.

The higher limits reflect the sustained influence of significant events on the antecedent water levels between
floods as saturated catchments and elevated groundwater storages respond more rapidly in diverting rainfall
runoff to rivers (Robins et al., 2018). Accordingly, minor flood levels identified during drier than average years
may not be identified as floods in wetter than average years. These variations reflect year-to-year variability in
catchment conditions and the varying dominance of fluvial and coastal forcings on water levels. The contributions
of the deviation component to AH reflect differences in rainfall, the response of the catchment runoff to rainfall,
and the hydraulic response of the estuary to river discharge under typical hydrological conditions.

Flood hydrographs shown in Figure 6 illustrate characteristic patterns in the height, duration, and form of fluvial
events. While this study did not assess the identified events further, techniques developed by Dullaart et al. (2023)
and Martin et al. (2024) in analyzing global surge characteristics from individual surge events could similarly be
applied to assessing changing fluvial event characteristics. Additionally, Merz et al. (2022) proposed that the
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heavy tailed behavior and shape of fluvial events are linked to distinct generating mechanisms. Together, these
studies offer potential for further advances in quantifying changes in fluvially driven flood hazards and devel-
oping a typology for compound flood hazards. Here, we focus on coastally driven HW levels.

4.2. Exceedance Levels at the Ocean Boundary

Total sea level contributions to AH at the ocean boundary were positive for all four estuaries, consistent with
results for coastal sites in Palmer et al. (2024). The MSL contribution approximates the difference in epoch MSL
(AuMSL), for example, the Swan entrance MSL contribution was 9 cm and the respective AuMSL was 9.6 cm,
both of which include the effect of vertical land motion (VLM) associated with local land subsidence of around
4 mm yr_] (Featherstone et al., 2015). While efforts to account for seasonal co-variation have been made, the
presence of a trend in any variable (including estuary variables) indicates that exceedance events are not inde-
pendent and identically distributed (Hunter, 2012). Given the relative magnitude of trends in the MSL distribution
over the relatively short epoch duration of 19 years, versus the magnitude of interannual variability, we suggest
the implications of the flawed assumption of independence for ARI estimation are of second order.

The AuMSL at the Hawkesbury entrance (Patonga) was smallest at 2.8 cm, corresponding to lower rate of change
in relative MSL. Contributions from the tide components to entrance AH were typically smallest in magnitude,
adding ~1 cm at the Tweed entrance, and subtracting ~1 cm at the Hunter and Hawkesbury, and 2 cm at the Swan
entrances, noting that these differences are within rounding errors and the small bin width of 1 cm relative to
measurement error. The contribution from changes in tide components correspond to differences in the 75th to
95th percentile of HW tide levels (Palmer et al., 2024). Contributions from the surge components to entrance AH
were negligible (1 cm) at the Tweed, Hunter, and Hawkesbury entrances, and —3 cm at the Swan entrance.
Surge contributions to 1, 5, and 10 year ARI levels typically correspond to differences in the 95th, 99.7th, and
99.97th percentile HW skew surges, respectively (Palmer et al., 2024).

Negative contributions from the surge component indicate reduced surge heights at the entrances of the Hunter
and Hawkesbury. The —3 cm surge contributions at each ARI level for the Swan corresponds to a —1.5 mm yr™"
trend in the effect of storm surges on HW exceedance levels, and the —2 cm tide contribution corresponds to a
further —1 mm yr™'. The smaller —1 cm surge contributions for the Hawkesbury are consistent across each ARI
level, noting that these contributions are within rounding errors. In a study by Mclnnes et al. (2024), a reduction in
surge heights over 1987-2020 for the Williamstown tide gauge in Port Phillip Bay, Victoria, was attributed to a
poleward shift in surge producing storms in southern Australia. The Hunter and Hawkesbury are the two
southernmost systems in our study. While MclInnes et al. (2024) estimated the long term trends in the height of 1
in 100 year surge residuals (—0.73 + 0.02 mm yr ') and the amplitudes of primary tidal constituents
(=0.41 + 0.01 mm yr™"), here we quantified the effect of any changes in surge and tide characteristics to 1, 5, and
10 year ARI HW levels over the relatively shorter 19-year difference between epochs.

4.3. Estuary Responses to Changing Conditions

In response to increased sea levels at the ocean boundary, increased entrance depth, expansion of intertidal areas,
and reduced bottom friction imply that tidal amplification in large drowned river valley type estuaries should
decrease and tidal damping in the shallow barrier type estuaries should reduce. However, studies by Du
et al. (2018) and Leuven et al. (2019) indicate that the response of tidal range to SLR will be variable. Using our
estimated estuary propagation components to signify the response of tidal range to MSL, we find contrasting
results for two drowned river valley type estuaries (Hawkesbury and Swan) and contrasting responses for shallow
barrier type estuaries (Tweed, Hunter, and Brisbane Water within the Hawkesbury). Interestingly, the Haw-
kesbury includes both the Hawkesbury River (drowned river valley) and Brisbane Water (barrier type) systems
connected to the same entrance, yet both branches showed comparable differences in propagation and deviation
components.

Changes in HW levels within the four estuaries include the effects of local VLM which are captured in both the
MSL component at the coast, and within the propagated coastal HW level within each estuary. Likewise, the
effects of changes in estuary channel geometry due to engineering structures or morphological processes are
captured in the propagation characteristics. The specific contributions of VLM to either MSL at the entrance or to
HW levels within estuaries were not investigated here, nor were the effects of any specific modifications. The
increases in the height of HW levels associated with a significant increase in the slope coefficient (a) of the
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propagation response function (center panels of Figure 7) signify that changes in propagation characteristics
disproportionately affected higher HWs. This distinction is important for defining flood threshold levels, since
changes in coastally dominant HW levels may be under-represented by tidal planes (computed from either peak-
based or constituent-based approaches). Tidal planes simplify tidal behavior within estuaries in applying
oceanographic methods that emphasize the predominance of astronomical forcings. In contrast, the estuary
propagation response function characterizes the hydraulic gradient between the entrance and each estuary node,
including any non-tidal residual superimposed on the tide.

Deviation in the observed HW levels from the typical propagation response, represented by the deviation
component P, (z), commonly decreased in the second epoch. The positive contributions from the deviation
component in the upper reaches of the Hunter and Hawkesbury are reflected in the NTRs and Ly, limits,
indicating that the effects of exceptional fluvial events on elevated discharge rates are limited to flood-prone
upstream nodes. Deviation in the propagation response may also be attributable to temporary engineering
works, such as ongoing dredging operations in all the estuaries studied. Reduced variation in NTRs and subse-
quent negative contribution of the deviation component to AH at all lower reach estuary nodes indicates the
increasing dominance of tidal influence in HW levels, and reduced variability associated with river discharge. The
specific attribution in these differences to either increased tidal dominance or reduced river discharge variability
requires further assessment.

4.4. Conclusions

The JPMM+ presented here uses concurrent tide gauge observations and well known statistical measures with
standard partitioning of sea level components to separate the fluvial, estuary, and ocean boundary processes that
drive coastal flooding. Our application of this approach to four estuaries provides detailed insights without the
need for bathymetry, river discharge, or meteorological data.

Hanslow et al. (2018) identified the Tweed, Hunter, and Brisbane Water (included here within the Hawkesbury)
within the top 10 Australian estuaries most exposed to inundation with sea level rise. Their study assessed the
future risk of inundation under 0, 0.5, 1.0, and 1.5 m of SLR above the height of the tidal plane computed for
Higher High Water Solstice Springs (HHWSS), approximating the highest HW tide level per year, plus a 0.5 m
storm surge. They estimated that under the 1.0 m SLR scenario, 2,500 properties would be exposed in the Tweed,
3,000 properties would be exposed in the Hunter, and 4,000 properties would be exposed in Brisbane Water. If
HW exceedance levels increase at a rate greater than that of MSL—as we found for both the Tweed and Brisbane
Water—then the number of properties exposed would also increase.

For the Swan, Eliot (2012) assessed the relative importance of MSL, tides, and surges, demonstrating that the
timing of tidal and inter-annual climate cycles was a prominent driver of flood frequency. Eliot (2012) concluded
that a lack of coincidence in these fluctuations has resulted in lower-than-expected inundation frequency.
Although the timing, dependence, and non-stationarity in sea level and estuary processes is well understood to be
important for coastal flood frequency (Talke & Jay, 2020; Wahl et al., 2015), the tools commonly employed to
monitor and changes in flood drivers are often poorly equipped to represent the variability inherent in those
processes (Wu et al., 2021). Joint probability approaches can prevent under-estimation of exceedance threshold
levels by counting the plausible coincidence of HW level components (Batstone et al., 2013). Preventing under-
estimation of thresholds is especially important in locations with small HW variability, like the Swan, since a
small increase in HWs can be expected to result in a disproportionately large increase in flood frequency (Palmer
et al., 2024).

The global impact of the inevitable increasing frequency of coastal flooding due to SLR is concentrated in low-
lying, highly populated, and ecologically important areas surrounding estuaries (Nicholls & Cazenave, 2010). In
practice, high tide flooding and fluvial flooding are distinct hazards, requiring distinct management and risk
assessment approaches. Our JPMM+ approach as applied to the four estuaries in this study mirrors coastal flood
management practices by treating HW exceedances separately from fluvial extremes. The changes in total HW
levels (excluding waves), driven by changes in MSL, tides, and surges, can be used to quantify specific changes in
exceedance frequency at the coast, but within estuaries, changes in tidal propagation and in the deviation of water
levels from the propagation response, can be just as important.
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