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Figure 16. Local-scale coastal erosion hazard zones for Wamberal Beach, the central sector of the
Terrigal-Wamberal sub-compartment (Figure 3B). (A) 50%, 10% and 1% exceedance level forecasts
for fluctuating erosion only (at present). (B) 2050-50% exceedance, 2050-10% exceedance, and
2050-1% exceedance forecasts (combined fluctuating and cumulative erosion). Bore holes sampled by
Hudson [104] are shown, with red markers indicating where a buried siltstone deposit approaches
the beach face, and rises up to between 6–8 m AHD elevation within some parts of the adjacent
frontal dune.

5. Discussion

5.1. Modelling Approach and Limitations

Application of the simple shoreline encroachment model at a regional-scale demonstrates the
potential variation in the sensitivity of NSW beaches to projected sea-level rise, primarily relating to the
influence of differences in the dimensions of estuarine and shoreface sediment sinks between sediment
compartments along the coast. The volumetric design of the model allows for the consideration of the
impacts of sediment redistribution between all of the potential sources and sinks on shoreline change.
Because the modelling approach does not assume that existing dune morphology will aggrade at the
same pace as sea-level rise (e.g., in contrast to Bruun’s model), the impacts of sediment redistribution
at the shoreline reflect erosion into the contemporary morphology of each NSW beach, as measured
by airborne LiDAR surveys. In that way, the modelled shoreline recession reflects the behaviour of
presently receding beaches on this coastline, in which the beach and shoreline encroach into the dune
system. This is a risk-averse position, consistent with other assumptions in our approach, as dune
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deposition during sea-level rise may slow the rate of shoreline recession. Our modelling approach and
applications are subject to many limitations arising from the model design, and the datasets available
to inform the model parameterisation.

Regarding the model design, a key limitation is the assumption of an encroachment response [62],
and the lack of support for shoreline recession by barrier roll-over [63]. This may lead to an
inaccurate estimation of the rate of shoreline retreat where the frontal dune is breached by fluctuating
and/or cumulative erosion, and the remaining dune or back-barrier morphology is low enough to
support washover processes. In that case, the assumption of an encroachment response is no longer
valid, and the model will likely over-estimate potential shoreline recession. When considering the
well-developed dune morphology of most NSW beaches, relative to low-relief barrier island coasts
e.g., [64], and following manual review of the regional-scale model predictions, we are confident that
this limitation does not affect the model scenarios that are considered in our exposure assessment
(i.e., present-1% exceedance, 2050-1% exceedance, and 2100-50% exceedance forecasts). In some
settings, however, low-exceedance (e.g., 1%) and long-term (e.g., 2100) forecasts may over-estimate
potential shoreline change (Figure 11A). Around estuary entrances, and for very narrow coastal
barriers or typically sheltered NSW beaches, low dune and back-barrier morphology means that the
assumption of an encroachment response may be invalid for model predictions that include high
sampled sea-level rise and broad sediment sinks. Because we use alongshore-averaged beach-dune
profiles to model cumulative erosion in both examples, low and/or narrow barrier morphology must
be consistent along the length of the beach for it to influence shoreline change forecasts.

Another important limitation of the model design is the absence of dune growth during sea-level
rise. Although we suggest that dune aggradation at the same pace as projected accelerating sea-level
rise seems unlikely in this setting, aeolian deposition and dune growth is likely to play some role
in shoreline response. While the washover parameter (VO) could be used to simulate the effect of
washover deposition or dune growth in slowing the rate of shoreline recession, we neglect its use due
to lack of data or previous examples. Nonetheless, a more rigorous dynamic barrier model [64,65,78]
could be implemented within the framework to address these processes in more detail. We emphasise
again that the model as applied here is intended to provide a risk-averse mid-resolution forecast of
potential shoreline change. Future applications should consider more refined methods to describe the
sediment transport processes that drive sediment redistribution and shoreline change.

Regarding our model parameterisation, the most significant limitation is the assumption that
the shoreface will act as a sediment sink during sea-level rise in all settings along the NSW coast.
Where this is not the case, the model is likely to over-predict shoreline recession (e.g., Figure 11A).
While a sampled closure depth at the low end of the uncertainty space, such as 5–10 m (Figure 7B),
assumes that only the nearshore surf zone acts as a sediment sink during sea-level rise, which is
reasonable in any setting to maintain surf zone morphodynamics, a deeper closure depth imposes
a more extensive sediment sink across the mid to lower shoreface. In reality, whether the shoreface
represents a source or sink at each NSW beach will depend on the relationship between present
shoreface geomorphology and the prevailing depositional controls (e.g., sediment distribution, type,
and availability, and the energy regime). The presence of Holocene prograded barriers along parts of
the central and southern NSW coasts is evidence that some of the shorefaces have acted as a source
of sediments for adjacent beaches during the mid to late Holocene [24,90,91]. Whether or not the
shoreface remains a significant source of sand supply for these NSW beaches, particularly under
conditions of accelerating sea-level rise, remains an area of ongoing research [91]. Along the lower
gradient northern NSW coast and shelf (Figure 1), the complete filling of many embayments with
Pleistocene barrier deposits (and consequent absence of Holocene barrier deposits) [43], and the strong
northward alongshore transport system, together make it more difficult to determine the current
depositional relationship between beaches and the shoreface. Even where the shoreface does act as
a sediment sink, the extent and timescale of shoreface response will likely depend on the rate and
ultimate magnitude of future sea-level rise [96]. Similarly, the timescales and extent of estuarine
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response to sea-level rise [70–73] also remains largely unstudied and unknown on this coast, and for
the larger north coast systems (Figure 1A) in particular, the volume and rate of river sediment supply
is crucial to understanding the relative contribution from fluvial and littoral sources.

Comparison between the model parameterisations of shoreface geometry and composition,
between the regional- and local-scale applications (Figure 8), demonstrates the importance of high-
resolution coastal seabed mapping and sampling for understanding and quantifying coastal sediment
budgets, and forecasting the potential for sediment redistribution and future shoreline change. Beyond
the relationship between shoreface geometry and the prevailing depositional controls, the structure
and composition of the seabed (Figure 3B) provides a direct insight to the potential for sediment
accommodation across the shoreface—or the potential for ongoing shoreface sediment supply.
For example, the presence of extensive low-relief reefs may be evidence of a sediment-deficient
compartment, or the occurrence of protruding reef outcrops on an otherwise sedimentary shoreface
suggests that sediment cannot accumulate in such areas under the prevailing energy conditions, thereby
reducing the potential shoreface accommodation space. Understanding the balance of supply and
accommodation in each sediment compartment is critical for interpreting if shoreface reefs represent
negative sediment accommodation, an insufficient sediment supply, or both, in the context of sediment
redistribution in response to sea-level rise.

Our approach provides a simple and scalable method to model potential shoreline change that
considers distinctive beach morphology and compartment-based sediment budget principles, which
we demonstrate through regional- and local-scale applications. However, we acknowledge that the
approach remains a framework that would benefit from site-specific investigations and observation
data to determine the applicability of our assumptions, and more rigorous methods of simulating
shoreline response to sediment redistribution. While such data and methods already exist for some
settings, and could be applied within our framework, our assumptions and the limitations of our
approach highlight focus areas for future research. As a first step, an improved understanding of the
probability distributions that describe key model variables (including sea-level rise) would help.

5.2. Exposure to Beach Erosion and Shoreline Change

Despite the limitations described above, regional-scale application of our modelling approach has
enabled a second-pass assessment of property and infrastructure exposure to coastal erosion in NSW,
which accounts for variation in the response of different beaches to both fluctuating and cumulative
erosion—the first analysis and dataset of its kind. This is a considerable improvement on an earlier
national-scale first-pass exposure assessment, which identified exposed assets simply by applying
a uniform buffer distance (110 m) around all of the sandy and potentially erodible shorelines [56].
In comparison, our approach considers the distinctive morphology of individual NSW beaches (using
LiDAR topography), in the context of the distinctive characteristics of the 47 secondary sediment
compartments of the NSW coast. The regional-scale coastal erosion hazard mapping and exposure
data that we present is designed for state-wide applications, such as to guide strategic planning along
the NSW coast, and does not negate the need for more detailed investigations to inform local-scale
coastal management and planning initiatives [106].

In NSW, assets that fall within the immediate (present-day) erosion hazard management zones, as
defined by local governments, are considered to be potentially exposed to fluctuating beach erosion
at present. Erosion hazard management zones are also defined for land and asset planning periods
(often to 2050 and 2100), which consider the impacts of fluctuating beach erosion, the persistence of
historical trends in shoreline change, and the potential response to sea-level rise. While the existing
erosion hazard management zones may provide some indication of state-wide exposure, the coverage
of NSW beaches is incomplete, and often focusses on locations that have been historically impacted by
coastal erosion [57,58]. Therefore, while an analysis of the existing erosion hazard management zones
may provide some indication of present exposure, it is anticipated that the potential future exposure is
currently under-estimated.
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To investigate this, we compiled the existing coastal erosion hazard mapping that is used by
local governments to compare the identified exposure with our regional-scale modelling. We apply
the same exposure assessment method (Section 3.5) to the incomplete coverage of local government
erosion hazard management zones to determine the current definition of exposure. The results suggest
that more than 2000 addresses are identified as being potentially exposed to coastal erosion at present,
while that number increases to over 3700 and 6800 addresses by 2050 and 2100, respectively (Figure 17).
When considering only properties for which more than half of the lot area may be affected, the exposure
numbers reduce to 210 property lots (321 total addresses) potentially affected at present, rising to
around 731 lots (1134 total addresses) at 2050, and 2040 lots (3315 total addresses) at 2100. The exposure
figures that are based on existing coastal erosion hazard mapping compare with 247 property lots
(455 total addresses) at present, 1862 lots (2718 total addresses) at 2050, and 3300 lots (5076 total
addresses) at 2100, based on our regional-scale modelling (Figure 14).

Figure 17. Address exposure by NSW regions (Figure 1A) for present (left column), at 2050 (middle
column) and at 2100 (right column), based on existing coastal erosion hazard management zones
prepared for local governments. Colouring categorises the exposed addresses by the proportion of
each associated property lot that was intersected by local government erosion hazard zones.

As anticipated, the comparison suggests that the existing mapping likely captures most of the
present-day exposure, but may under-estimate future exposure, due to the coverage bias toward
locations at present risk from erosion. Comparison between Figures 14 and 17 shows that the
distribution of exposure between the NSW regions is similar based on our regional-scale modelling
and the existing erosion hazard management zones, respectively. Present exposure is highest in
the relatively small area of central NSW (Central Coast and Greater Sydney regions), relative
to northern NSW (Northern Rivers, Mid North Coast, and Hunter regions), and southern NSW
(Illawarra-Shoalhaven and South East regions). This is reflected by the distribution of identified coastal
erosion hot spots (Figure 1A). Exposure to coastal erosion increases in all of the regions by 2050 and
2100, with the majority of the increase representing addresses for which more than 25% of the property
lot could be affected by erosion. The relative increase in exposure within and between regions is
consistent with the patterns seen in Figure 14.

Differences in the rate and degree (as quantified by the affected land-area of exposed properties) of
increasing exposure between regions reflects both regional coastal geomorphology, and the distribution
of coastal development within each region. In central NSW, and southern NSW in particular, steeper
and more rugged coastal geomorphology, coupled with higher exposure to the predominantly S-SE
wave climate, contribute to well-developed dune morphology and relatively reduced dimensions
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of potential sediment sinks, such as the shoreface and estuaries (Appendix C). Combined with the
restricted dimensions of low-lying coastal plains (for exposed developments to occur), and historically
low development in southern NSW, these factors contribute to a lower potential increase in future
exposure to coastal erosion relative to northern NSW. In contrast, the broad dimensions of potential
sediment sinks in northern NSW suggests the potential for a greater increase in future exposure, based
on our approach (Figure 14) and current practice (Figure 17).

The comparison between exposure figures based on our regional-scale modelling (Figure 14),
and existing erosion hazard management zones that are used by local governments (Figure 17),
suggests that: (1) the distribution and coverage of existing erosion hazard management zones along
the NSW coast may be biased towards present exposure; and, (2) allowances for cumulative erosion
through the present century in existing erosion hazard management zones may not reflect the full
potential for sediment redistribution within coastal systems. This is evident in comparable present
exposure being identified using both datasets, but considerably different exposure numbers for the
2050 and 2100 forecast periods. Kinsela and Hanslow [57] reviewed the various methods used to
define erosion hazard management zones in NSW, and found that consideration of the potential
response to sea-level rise, in particular, was often limited in scope by the application of a profile
closure depth restricted to the upper shoreface (10–12 m water depth) only (c.f., Figure 7B), and the
lack of consideration for the influence of sea-level rise on other sediment sinks, such as flood-tide
delta environments within estuaries and tidal inlets. In contrast, our second-pass assessment and
regional-scale mapping may over-estimate exposure where the shoreface and estuaries do not represent
sediment sinks during sea-level rise (Section 5.1), again highlighting the need for improved data and
methods to understand and model coastal sediment budgets.

5.3. Improving the Sediment Compartments Approach

Our approach demonstrates the utility of the sediment compartments framework, coupled with
a statistical (Monte Carlo) model input sampling regime, for investigating the sensitivity of beach
erosion and future shoreline change to depositional controls and coastal geomorphology, as defined at
regional or local scales. Although we use the simple shoreline encroachment model to demonstrate
the potential sensitivity of future shoreline change to the distribution, dimensions, and responses
of sources and sinks within sediment-sharing coastal systems, more complex beach response and
shoreline change models could be applied within our modelling approach. In any application, the
model design and parameterisation should reflect the coverage and detail of available input data, and
the intended purpose and required resolution of the model forecasts.

Our regional-scale application (Section 3.4.1) was limited by the availability of data for all NSW
beaches to inform the parameterisation of various sediment budget components that may influence
shoreline response on NSW beaches (Equation (3)). However, the resolution of the morphological
data models captured the distinctive beach and dune topography of individual beaches, and was
commensurate with the scale and intended application of the model predictions. The local-scale
application (Section 3.4.2) demonstrates the scope for improvement in application of the approach
where high-resolution data describing the coastal geomorphology (and processes) is available. For
example, the use of regularly spaced (25-m alongshore) beach-dune profiles to capture the impact of
fluctuating beach erosion, and alongshore-averaged beach-dune profiles to capture the distributed
impact of cumulative sediment loss on shoreline change, is an important consideration where
alongshore variability in the substrate and beach-barrier morphology presents the prospect of complex
shoreline responses (Figure 10).

Beyond the simple assumption that the shoreface and estuaries act as sediment sinks during
sea-level rise, uncertainty in both the second and third terms in Equation (3) also stems from limited
knowledge regarding the response timescales of the shoreface [95,96] and estuarine depositional
environments [72,73]. The fourth term in Equation (3) contains several volumetric sediment budget
components that are potentially relevant to the future shoreline change on NSW beaches. However,
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those components remain difficult to quantify due to a limited understanding of the associated
sediment transport processes, and were omitted from the regional-scale application. In our local-scale
example (Section 3.4.2), we relied on expert opinion from a nearby beach to estimate the potential
contribution of VM and VB to apply in our approach. As such, the second, third, and fourth terms of
Equation (3) highlight focus areas for future research to better understand sediment dynamics on the
NSW coast (and elsewhere), particularly considering the projected effects of global climate change
within the present century.

A rigorous sub-compartment classification, and the mapping and quantification of sediment
sources, sinks, and pathways, relies on an adequate understanding of the depositional environments
of coastal sediment-sharing systems. Undoubtedly, the potential for the sediment compartments
framework to improve the reliability of shoreline change forecasts depends on the coverage and
detail of geomorphic data describing the distribution, dimensions, and connectivity of sources and
sinks within coastal systems. Our understanding of sediment transport processes then determines
uncertainty in the rate and volume of sediment redistribution in response to environmental change
(e.g., sea-level rise). Confidence in our tertiary- and sub-compartment classification (Section 3.1) was
limited by the coverage and resolution of bathymetry and seabed substrate data that is available
along the NSW coastline. However, our examples suggest that increased effort in geomorphic data
collection should lead to more reliable forecasts of future shoreline change, by enabling much refined
sediment budget parameterisations, and providing new insights to the likely response of key sources
and sinks to sea-level rise. While detailed geomorphic mapping has been completed for the coastal
plains and valleys of the NSW coast [74,101,102], equivalent mapping describing the geomorphology
of the inner-continental shelf, in particular, is essential to developing more refined shoreline change
forecasts using the sediment compartments framework and sediment budget principles.

6. Conclusions

1. Coastal sediment compartments provide a hierarchical framework to conceptualise and quantify
potential sediment redistribution between the various depositional environments (sources and
sinks) of sediment-sharing coastal systems. Sub-compartment classifications allow for sediment
transport processes, which accumulate into meaningful sediment exchanges between sources
and sinks across varying time scales, to be connected with the spatial scales of their impact on
beach fluctuation and cumulative shoreline change.

2. Volumetric approaches to modelling fluctuating and cumulative erosion provide a means to
forecast the impacts of compartment-based sediment redistribution on beach and shoreline
response, which reflects both compartment sediment budgets and transport pathways, and the
distinctive beach-face and dune morphology of individual beaches.

3. Based on our simplistic modelling approach and assumptions, exposure to coastal erosion is
expected to increase into the future on open-coast NSW beaches, primarily due to the influence
of sea-level rise on shoreline recession, driven by the redistribution of beach and dune sand to
adjacent depositional environments (sediment sinks). The increase in exposure will vary between
NSW beaches, reflecting regional- and local-scale variation in coastal geomorphology, and the
present (and future) distribution of coastal development within each region.

4. Assumptions regarding the response of key depositional environments (e.g., the shoreface and
estuaries) to sea-level rise remains the most significant limitation to the reliability of long-term
shoreline change forecasts, because of the overwhelming potential sediment demand that is
imposed on littoral sediment budgets. Site-specific data and investigation is necessary to determine
the likely roles and morphological response rates of these depositional environments, as sources
or sinks within sediment-sharing systems.

5. Opportunities to improve shoreline change forecasting based on the sediment compartments
framework increase with the coverage and resolution of geomorphic data that is available to
describe the distribution, dimensions, and depositional histories of sediment sources and sinks.
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For example, detailed seabed mapping and sampling covering the inner-continental shelf and
estuary inlets is critical to reducing uncertainty in the future responses of shoreface and flood-tide
delta depositional environments to sea-level rise.
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Appendix A

The shoreline orientation of each beach, as recorded in the Australian beach database, was used as
a pragmatic means to scale fluctuating erosion (F) for sheltered NSW beaches. The scaling coefficient for
fluctuating beach erosion (cf in Equation (1)) was adjusted based on the average shoreline orientation
of each beach or beach sector, as described in Table A1. The a, b and c parameters describe the lower
bound, mode, and upper bound of triangular probability functions respectively. A beach with shoreline
orientation of 90◦ faces due east on average, while a beach with shoreline orientation of 180◦ faces due
south. The relatively higher exposure of north coast beaches to easterly storm wave conditions, which
are more common in northern NSW, was accounted for by scaling fluctuating erosion for beaches with
shoreline orientation <80◦. In contrast, for central and southern NSW beaches, scaling was applied for
shoreline orientations <90◦. Considering the south to southeast wave climate, fluctuating erosion was
also scaled for all beaches with shoreline orientation >180◦.

Table A1. Scaling values for fluctuating erosion (F) applied in the regional-scale example, to account for
shoreline exposure to wave climate. Exposure varies between beaches based on the average shoreline
orientation for each beach or sector. The a, b and c and values correspond to the lower bound, mode
and upper bound, respectively, of the triangular probability functions used to represent cf.

Shoreline South/Central North

(◦) a b c a b c

0–29 0.5 0.55 0.6 0.5 0.55 0.6
30–59 0.6 0.65 0.7 0.6 0.65 0.7
60–70 0.7 0.75 0.8 0.7 0.75 0.8
70–74 0.7 0.75 0.8 0.8 0.85 0.9
75–79 0.7 0.75 0.8 0.9 0.95 1
80–84 0.8 0.85 0.9 1 1 1
85–89 0.9 0.95 1 1 1 1
90–179 1 1 1 1 1 1
180–189 0.9 0.95 1 0.9 0.95 1
190–199 0.8 0.85 0.9 0.8 0.85 0.9
200–219 0.7 0.75 0.8 0.7 0.75 0.8
220–239 0.6 0.65 0.7 0.6 0.65 0.7
240–299 0.5 0.55 0.6 0.5 0.55 0.6
300–360 0.4 0.45 0.5 0.4 0.45 0.5
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Appendix B

To evaluate the suitability of the gamma function (Figure 6B) for describing the probability of
fluctuating erosion (F) on fully exposed NSW beaches, we compared model predictions from our
present-1% exceedance level scenario, with historical maximum erosion escarpments where they have
been mapped on NSW beaches. A recent investigation of the geohistorical record of beach response
to severe storms on this coastline compiled historical maximum erosion escarpments from 10 NSW
beaches, which were identified using photogrammetry analysis of aerial photographs [87]. Figure A1
shows the result of the comparison for three representative fully exposed NSW beaches from that
dataset. The comparison indicates that the 1% exceedance level fluctuating erosion volume in our
approach is consistent with the impacts of some of the most severe coastal storms that have occurred
during the recent historical period.

Figure A1. Comparison between mapped historical maximum erosion escarpments and the present-1%
exceedance erosion scenario from our regional-scale modelling. Examples are provided for the
following exposed NSW beaches where historical maximum erosion escarpments have been mapped
(year of maximum erosion event is indicated): (A) Nine Mile Beach at Tuncurry, Mid North Coast
compartment (1963); (B) Bennetts Beach, Port Stephens compartment (1974); and (C) Redhead Beach,
Central Coast compartment (1974). See Figure 1A for compartment locations.
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Appendix C

The shoreface (VS) and estuarine flood-tide delta (VE) depositional environments represent
prominent sediment sinks in the cumulative erosion function of the simple shoreline encroachment
model (Equation (3)). The degree of influence that they have on forecast shoreline change varies
within each model simulation, depending on the input values randomly sampled from the relevant
probability functions (e.g., Figure 7). However, low-exceedance forecasts (e.g., 1% exceedance level)
are representative of input values sampled from the upper tails of the input probability distributions.

To interpret the relative influence of the shoreface and estuary sediment sinks on variability in
forecast shoreline change along the NSW coast, we provide their total summed surface areas for each
primary compartment in Table A2. The surface areas are also normalised by dividing by the length
of sandy shorelines within each compartment, to account for the varying alongshore extents of the
primary compartments (Figure 1A). Generally speaking, the simple shoreline encroachment model
assumes that beaches within compartments with higher normalised shoreface and estuary delta surface
areas will experience greater sediment loss to these sinks during sea-level rise.

Table A2. Summary statistics by primary sediment compartment (Figure 1A) describing the total
length of sandy shorelines, total shoreface surface area (0–40 m water depth) and total surface area of
estuarine flood-tide deltas. The shoreface and estuary delta areas are also expressed as area per metre
of sandy shoreline to account for the varying alongshore extents of the compartments.

Primary
Compartment

Shoreline
Length 1 (km)

Total Shoreface
Area (km2)

Normalised
Shoreface Area 2

(m2/m)

Total Estuary
Delta Area

(km2)

Normalised Estuary
Delta Area 3 (m2/m)

North Coast 152.1 841.7 5534.5 15.0 98.6
Northern Rivers 164.0 1080.6 6587.7 23.8 144.9
Mid North Coast 157.4 875.3 5562.4 7.3 46.5

Port Stephens 118.4 502.7 4246.0 3.2 27.2
Central Coast 66.0 355.3 5383.7 4.8 73.0

Sydney 66.0 174.8 2647.5 0.76 11.5
Illawarra 79.7 474.1 5946.7 3.5 44.3

Shoalhaven 93.3 369.3 3956.3 2.2 23.7
South Coast 167.3 635.4 3797.2 8.8 52.5

1 Sandy shorelines primarily influenced by open-coast processes as defined by Smartline [37]. 2 Total shoreface
(0–40 m water depth) surface area divided by sandy shoreline length. 3 Total estuarine flood-tide delta surface area
divided by sandy shoreline length.
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