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A B S T R A C T

This study presents a novel method to determine the long-term morphological response of the lower shoreface to 
regional climate forcing on wave-dominated coasts. By integrating synoptic wave climate typing, coupled wave- 
hydrodynamic-sediment transport modelling, and frequency-based morphological upscaling, the approach is 
evaluated using a rare, centennial-scale bathymetric dataset from Byron Bay, in Eastern Australia. Application to 
eight sites along the Southeast Australian coast, with detailed analysis at two erosion hotspots, suggests that the 
30 to 35-m depth zone is the ultimate seaward limit of significant centennial-scale sediment transport under 
extreme storm conditions. This boundary has implications for both the design of coastal infrastructure, and the 
extraction of offshore sand. The study also demonstrates that only storms from directions normal to the coast can 
induce significant sediment transport on the lower shoreface, while storms clockwise of southeast are too oblique 
to facilitate long-term cross-shoreface transport. Results also indicate that the lower shoreface, like the upper 
shoreface on event timescales, can rotate in response to directional wave climate forcing on centennial 
timescales.

1. Introduction

Storm wave events are the principal agent of episodic erosion of the 
subaerial beach and foredunes on wave-dominated sandy coasts [Vos 
et al., 2023], but their role in redistributing sand from the lower to upper 
shoreface over long timescales is poorly understood. Because of the low 
volumetric rate and frequency of storm-driven onshore transport 
[Kinsela et al., 2016], this cross-shelf input is usually not included in 
sediment budget analyses of coastal compartments [Rosati, 2005].

When integrated over decades to millennia, however, even a low rate 
of onshore supply may offset the offshore transport and shoreline 
recession generally expected of beaches responding to rising sea levels 
[Rosati et al., 2013; Patterson and Nielsen, 2016]. The location and 
ultimate seaward depth at which a low-frequency onshore feed may 
occur is also important for beach nourishment schemes. Beach nour
ishment from offshore sources is considered a cost-effective way to 
maintain beach widths along erosive shorelines, but offshore dredging 
should not deplete beaches of sand that otherwise would be moving 
landward over the long term.

In a continental shelf environment, sand transport does not occur all 

the time and usually takes place during episodic resuspension events 
[Harris and Wiberg, 2002]. There are several processes that can lead to 
sand transport outside the surf zone, including geostrophic currents, 
density cascading, internal and coastal-trapped waves, surface wind 
shear, infra-gravity waves and gravity waves. Navier-Stokes theory in
dicates that in the shoaling zone (from the seaward edge of the surf zone 
to wave base), gravity wave-driven currents are at least an order of 
magnitude greater than those produced by other processes. Velocity 
skewness and asymmetry in the shoaling wave profile means the di
rection of wave-driven transport outside the surf zone is almost always 
onshore-directed [O'Donoghue and Wright, 2004; Ruessink et al., 2011]. 
It follows, therefore, that storm wave events provide the primary 
mechanism for an episodic, onshore sand feed from deeper water, 
assuming a ready supply.

Observations of this long-term process, however, are scarce because 
the magnitude of change during a single storm event is so small that it is 
beyond the limits of measurement. The only observations of lower 
shoreface change are from repeat surveys separated hundreds of years 
apart. Goodwin et al. [2013] digitized a lead-line survey from 1883 at 
Byron Bay on the far north coast of New South Wales (NSW), Australia, 
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and compared it to a bathymetric Lidar survey of the area in 2011 to 
determine centennial-scale seabed depth changes. Byron Bay is located 
at the most-easterly point of the Australian coast and is exposed to 
moderate wave energy from the tropics through to the mid-latitudes. 
Goodwin et al. [2013] found that over 128 years, there was cumulative 
bed elevation change of up to 2.5 m in water depths from 10 to 25 m, and 
up to 1.5 m out to the 40-m isobath. This equates to less than one cen
timetre of change per storm on the lower shoreface (assuming an 
average of three storms per year, as the local wave climate suggests).

In the absence of centennial-scale observations, the sedimentological 
shoreface response to persistent atmospheric and wave climate regimes 
needs to be investigated from a modelling perspective. Most long-term 
coastal evolution studies are based on geomorphological models 
[Cowell et al., 1995; Daley, 2011] that describe the shoreward trans
lation of sections of the cross-shelf profile that are ‘misfit’ with present- 
day sea level. The premise is that sand deposits on the shelf, relict from 
previous episodes of low sea-level, produce a dis-equilibrium stress that 
is re-equilibrated across the shelf profile as a lagged response to sea-level 
rise. While these models provide a useful conceptual framework, the 
main variables controlling transport are shelf slope and sea-level. They 
provide little information on the physical processes responsible for shelf 
sand transport.

Process-based morphological models, instead, try to integrate all 
major physical processes into the simulation of sand transport. However, 
they often become computationally impractical (and physically unsta
ble) when applied over longer time scales. To circumnavigate these is
sues, some novelty in experiment design is required.

Several morphological evolution techniques have been used to 
speed-up medium-term modelling (months to years) [Cowell et al., 
1995; Roelvink, 2006; Ranasinghe et al., 2011], aiming to circuit-break 
the feedback between waves, currents, and morphology at each time 
step. The “MORFAC” (Morphological Acceleration Factor) approach 
involves increasing the modelled bed change by applying a scaling factor 
to the sediment continuity equation, effectively speeding up the simu
lated time scale [Li, 2010]. However, for long-term applications (de
cades to millennia), simply scaling timeseries results can still render 
computation times prohibitively long. For certain applications, it also 
means timesteps that have no significant impact on the net outcome are 
still being included in the modelling process.

To model truly long-term (i.e., centennial-scale) transport with 
process-based models, a more efficient method may be to capture the 
range of episodic transport events in detail, and then upscale the 
morphological response based on a probability of occurrence scalar. The 
assumption is that all change in shallow water reduces to a long-term 
equilibrium in line with the modal (non-storm) wave climate, while 
morphological change outside (seaward of) the surf zone is the integral 
of storm wave events over the long term.

Under this premise, only the high energy storm wave climate needs 
to be modelled as the primary agent of infrequent, episodic, lower 
shoreface transport events, with all intermediate non-storm (modal) 
wave conditions only relevant for shallow water, upper shoreface 
change. In this way, a process-based model can be used to look at 
centennial-scale, lower shoreface sediment transport under directionally 
discrete atmospheric and wave climate forcing.

In the Southern Hemisphere, the east coasts of South Africa, 
Australia and South America experience similar wave climates and 
include storm wave events that are the product of ex-tropical cyclones, 
subtropical cyclones and extra-tropical cyclones, known as East Coast 
Lows (ECLs) (Browning and Goodwin, 2013). ECLs are a common 
feature across the Southern Hemisphere extra-tropics, for example, in 
Brazil [Evans and Braun, 2012], and South Africa [Taljaard, 1995], 
forming in late Austral autumn to winter. The east coast of Australia is 
particularly impacted by the frequency and intensity of ECL storm wave 
climate since these storms are concentrated in the Tasman Sea. The 
impact of ECLs on sand transport, however, needs to consider the in
fluence of wave direction (storm track) as well as wave height, as 

evidenced by the deceptively destructive ECL in June 2016 along the 
southeast Australian coast [Mortlock et al., 2017].

Browning and Goodwin [2013] identified three types of storms along 
the Southeast Australian Shelf (SEAS), based on cyclogenesis and track. 
These include (i) poleward-moving tropical cyclones or tropical lows in 
the Coral Sea, producing north-east to easterly (NE-E) storm wave 
conditions along the shelf, (ii) ECLs of both subtropical and extratropical 
origin in the Tasman Sea, producing east to south-easterly (E-SE) storm 
waves, and (iii) extratropical lows cut off from the circumpolar trough in 
the Southern Tasman Sea and Southern Ocean, producing south-east to 
southerly (SE-S) storm waves (Fig. 1).

Here we propose a method for linking different shoreface sediment 
transport patterns to wave climate drivers by combining synoptic wave 
climate typing, morphological upscaling and physics-based modelling. 
We use the storm wave type classification of Browning and Goodwin 
[2013] and Mortlock and Goodwin [2015] with a coastal morphological 
model to examine the shoreface transport pattern of each storm type 
along the SEAS. We then use the frequency of occurrence of these storm 
wave types as observed from wave buoy records to upscale the seabed 
change pattern of each storm type to estimate the cumulative shoreface 
response at locations across the SEAS. The concept of morphologically 
upscaled climate-linked patterns of shoreface change was first intro
duced in Goodwin et al. [2020], with this present paper applying and 
evaluating the concept for the first time. Whilst the focus of this paper is 
on south-east Australia, the methods, results and conclusions are widely 
applicable to passive margin coasts with gentle sloping continental 
shelves such as the east coasts of South Africa, Australia and South 
America between 25◦ S and 45◦S latitudes, where an equatorward 
regional longshore sand transport system occurs. The results are 
particularly important for micro to meso-tidal coasts where wave 
dominance occurs and there is minimal fluvial sediment discharge to the 
littoral zone. In this case, the net sediment transport in river entrances 
and estuaries is landward over the Holocene.

2. Study sites

Two regional coastal models were set up along the SEAS – one 
covering the Sydney and central NSW coast and shelf, and a second 
covering the north NSW coast and shelf. Within these two regional do
mains, three sites were modelled in high resolution: 1) Collaroy- 
Narrabeen, a headland-bay beach on Sydney's Northern Beaches, 2) 
Terrigal-Wamberal, also a headland bay-beach on the central coast of 
NSW, and 3) Byron Bay, an open longshore transport coast on the north 
coast of NSW. These sites have all been identified as ‘erosion hotspots’ 
by NSW State Government [Office of Environment and Heritage, 2017], 
largely due to inappropriate historical development within the active 
coastal planform, resulting in a significant number of properties at risk 
of current and future coastal hazards. Moreover, they benefit from long- 
term, directional wave buoy records in proximity, and high-resolution 
local bathymetry and seabed mapping.

2.1. Collaroy-Narrabeen

Collaroy-Narrabeen (33◦S, 151◦E) (location Fig. 1), hereafter ‘Nar
rabeen’, is a swash-aligned embayed beach facing east, approximately 4 
km in length, and located 20 km north-east of the Sydney CBD on 
Sydney's populous northern beaches. The bay is afforded significant 
shadowing from southerly wave energy by Long Reef headland, to the 
south. However, it has a long history of erosion problems in part caused 
by a legacy of development into the active beach zone. It is considered a 
closed compartment in terms of the upper shoreface sediment budget, 
with rock headlands and reefs to the north and south preventing an 
alongshore exchange of sand. The shoreface slope is steep (upper 
shoreface approximately 2.2%, lower shoreface 1.4%) and complex, 
comprising a series of shore-normal rock reef platforms and fine to 
coarse-grained quartz sands [Ribó et al., 2020].
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2.2. Terrigal-Wamberal

Terrigal-Wamberal (33◦S, 151◦E) (location Fig. 1), hereafter 
‘Wamberal’, is a swash-aligned headland-bay beach facing south-east, 
approximately 4 km in length, located 50 km north-east of the Sydney 
CBD on the densely-populated NSW central coast. The bay is situated to 
the north of Terrigal headland. It has a similar shoreface slope and 
composition as Narrabeen, and monitoring at both sites suggests syn
chronous erosion/accretion trends [Bracs et al., 2016]. The south- 
easterly aspect and smaller southern headland, however, means it ex
periences less shadowing from southerly wave energy than Narrabeen. 
Wamberal also experiences ongoing erosion problems related to devel
opment into the active beach zone.

2.3. Byron Bay

Byron Bay (29◦S, 154◦E) (location Fig. 1) is a headland-bay beach 
facing north-east, approximately 6 km in length, located 40 km south of 
the NSW / Queensland state border. The bay extends north of Cape 
Byron, the most easterly point on the Australian mainland, to Belongil 
Creek, encompassing Wategos Beach, The Pass, Main Beach and Belongil 

Beach. Belongil Beach, in particular, has a long history of erosion 
problems purportedly exacerbated by coastal infrastructure. The 
shoreface slope is shallower than at Wamberal and Narrabeen (upper 
shoreface approximately 1.9%, lower shoreface 0.6%), and comprises 
mainly fine-to-medium grained quartz sands with very few exposed rock 
reefs [Ribó et al., 2020]. A group of small uninhabited islets called 
Julian Rocks are located approximately 4 km offshore and impact the 
wave refractional pattern during east and north-east wave conditions.

In Supplementary Information, we also provide modelling results 
that were undertaken for additional locations along the SEAS, including 
Moruya, Batemans Bay, Palm Beach, Hat Head, Smoky Cape, and Scotts 
Head. However, for the sake of brevity and for the purpose of demon
strating the validity of this approach, only results at Byron Bay, 
Wamberal and Narrabeen are analysed here.

3. Datasets

3.1. Instrumental wave data

Along the moderate wave energy SEAS, instrumental wave data have 
been collected since the mid-1970s when the New South Wales (NSW) 

Fig. 1. Map showing the Southeast Australian coast (main image) with the three study sites (green circles) and two wave buoys (red flags). Inset A shows the location 
of the study sites relative to the rest of Australia. B shows the Byron Bay modelled area; C shows the Terrigal-Wamberal modelled area and D shows the Collaroy- 
Narrabeen modelled area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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government commenced wave monitoring. Wave data are available for 
seven mid-shelf locations at (south to north) Eden, Batemans Bay, Port 
Kembla, Sydney, Crowdy Head, Coffs Harbour and Byron Bay. This data 
set provides observational coverage of approximately 1000 km of mid- 
shelf waves (60–100 m depth) along the western boundary of the Tas
man Sea.

In this study, wave data from the Sydney and Byron Bay buoys were 
used to generate synthetic storm wave conditions at the study sites. 
While all buoys along the SEAS are now directional, these are the only 
two sites to have long-term directional wave information from which to 
derive robust directional extreme values (Table 1). The locations of 
these buoys in relation to the study sites is shown in Fig. 1.

Both buoys measure hourly wave spectra, from which parametric 
data are derived. In this paper we use the one-hourly significant wave 
height, Hs (m), wave period at the primary spectral peak, Tp (s), and 
mean wave direction, MWD (degrees True North, ◦ TN), to describe 
storm wave characteristics. Although most modal wave conditions are 
likely to be deep-water waves at the buoy locations (where water depth 
is greater than half the wavelength, d > L/2), this condition is not always 
satisfied for storm waves traveling at periods of 10 s or more. This study 
therefore deals with a mid-shelf, intermediate-to-deepwater storm wave 
climatology.

3.2. Hindcast wind data

There is no operational ocean wind observation network along the 
SEAS. Instead, reanalysis winds were used to provide a wind field to 
accompany the storm wave forcing. We used the National Center for 
Environmental Prediction's Climate Forecast System Reanalysis (NCEP 
CFSR) and CFSRv2 wind data [described in Saha et al., 2010]. This was 
preferred over other available reanalyses because (i) it has proven to be 
a reliable product for driving wave hindcasts in this region [Cardno, 
2012; Durrant et al., 2014], and (ii) it is available on a high spatial and 
temporal grid (0.3◦, hourly from 1979 to present).

Hourly u and v wind components were extracted at the nearest grid 
cell to the Sydney and Byron Bay wave buoys over the period of direc
tional wave observations. In each case, the nearest output point was 
~0.01◦ (1.5 km) away from the real buoy mooring location.

Most reanalysis winds, including CFSR, are known to exhibit a 
negative bias at higher velocities [Stopa and Cheung, 2014], particularly 
near the coast. This can contribute to an under-estimation of near-coast 
storm wave heights in wave hindcasts driven by reanalysis winds 
[Durrant et al., 2014]. Cardno [2012] found that by applying a scaling 
factor to CFSR near-coast winds along the SEAS, modelled storm wave 
heights from a WaveWatch III model (driven by the up-scaled near-coast 
winds) better matched observations.

The upscaling was applied linearly along the shelf, based on distance 
from the coast. Wind speeds were increased by 5% from 60 to 100 km 
offshore, by 10% between 30 and 60 km, and by 20% within 30 km of 
the coast. As both wave buoys are located within 30 km of the coast, 
CFSR wind speeds were increased by 20% at all of the study sites with 
the aim of better replicating storm wave conditions in the modelling.

3.3. Bathymetric data

The seabed topography in the models comprised a mosaic of best- 
available bathymetries covering the shoreface (in this case, the shore
line to the 60 m isobath). The 250-m bathymetry and topography grid of 

Australia (AusBathy) [Whiteway, 2009] was the baseline data for the 
regional domains. From approximately the 40 m isobath to the coast, 
AusBathy was largely replaced by a number of multi- and single-beam 
echosounder surveys (MBES, SBES) and marine lidar data, undertaken 
and/or commissioned by NSW Office of Environment and Heritage 
(OEH). MBES and lidar data were gridded to 5-m2 resolution, while 
most SBES surveys comprised a series of shore-normal transects at 25 or 
50-m spacing.

The mosaiced data were interpolated to the model mesh using the 
nearest neighbour algorithm. Several iterations with varying buffers 
were required to ensure a smooth transition between AusBathy and 
adjacent data.

3.4. Seabed characterisation and grain size information

Seabed substrate types, locations and grain size information were 
derived from a large number of mapping and sampling studies compiled 
in Ribó et al. [2020]. This information was used to apply variable bot
tom roughness, bed friction and erodible bed depths in the modelling.

4. Experiment design

4.1. Conceptual process

To investigate patterns of shoreface response, we first decomposed 
the primary drivers (extreme waves and winds) into component parts 
and sampled a range of storm conditions conducive to episodic trans
port. The wind and wave scenarios were then refracted across the shelf 
to estimate the morphological response over the shoreface, and then a 
morphological upscaling factor was used to express results in terms of 
the centennial-scale transport patterns.

The storm wave scenarios are based on the directional observational 
buoy records back to the 1990s. An understanding of these scenarios in a 
historical context, especially their correlation to Pacific decadal vari
ability phases, and El Nino Southern Oscillation phases, has been 
extended through the work of Browning and Goodwin [2013], and 
Goodwin et al. [2016]. The relevance of the buoy records has been 
evaluated against hindcast products. The past century has contained a 
mixture of decadal to multi-decadal variability that was typically of the 
past millennium (Goodwin, 2025). Our upscaling approach does not 
include potential shifts in storm wave climate over the next 100 years 
because model projections are inconclusive due to difficulty in model
ling east coast weather regime changes. There is some indication that the 
storm wave events may be less frequent but more intense, but it is not 
conclusive and relies on the potential changes in the South Pacific Split 
Jet strength. Instead, our approach takes the form on a Causal Network 
Approach providing empirical risk-based scenarios, see Goodwin [2025]
and Shepherd et al. [2018], [Shepherd, 2019], [Shepherd, 2021].

4.2. Wind and wave scenarios

The wave climate was deconstructed based on height and direction 
criteria. We sampled two different energy levels which we refer to as 
“moderate” and “high” energy storm conditions. Each energy level was 
split into three directional groups (NE to E, E to SE and SE to S) to 
investigate the influence of wave direction on sand transport. In total, 
six wave and wind scenarios were used (Table 2).

Table 1 
Directional buoy records at Sydney and Byron Bay. Water depths reflect current 
moored position.

Wave buoy Latitude Water depth (m) Directional buoy deployed

Sydney − 33.77 92 m 3 Mar 1992
Byron Bay − 28.85 62 m 26 Oct 1999

Table 2 
Storm wave and wind scenarios used in this study.

Energy level Directional group

NE – E 
(< 100◦)

E – SE 
(100–145◦)

SE – S 
(> 145◦)

High-energy storms 1 2 3
Moderate-energy storms 4 5 6
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The approach of using synthetic storms derived from a probabilistic 
assessment of observed storm parameters has long been used within the 
coastal engineering literature for assessing modelled “design” storm 
conditions and impacts (e.g. Clauss et al. [1997]; You and Lord [2008]; 
Shand et al. [2011]; Soldevilla et al., [2015]). The approach is attractive 
in that it discretises a complex storm wave climate into an idealised set 
of conditions that produce an understandable modelled impact. Over 
centennial timescales, it also avoids the impossibility of modelling every 
storm event in detail. However, in adopting this approach, the transient 
nature of storms, and the consequential change in storm wave direction 
and impacts on sediment transport as the storm moves, is not included.

To construct the storm scenarios, we first identified storm wave 
events in the buoy record using the Peaks Over Threshold (POT) method 
[Goda, 2010]. Two sets of conditions were used. The first was a 
threshold Hs of 2 m for events that lasted at least 72 h, with a minimum 
interval of 24 h between storm events. These were designed to identify 
extra-tropical storms which are typically lower energy but longer 
duration than those of tropical-origin. The second POT used a higher 
threshold Hs of 3 m, with a minimum storm duration of 6 h. This iden
tified higher energy, more transient storms such as Tropical Lows or Ex- 
Tropical Cyclones. This returned an average annual storm frequency of 
14 across all buoys (from 11 at Eden to 16 at Sydney), which is similar to 
results obtained by previous authors [You and Lord, 2008; Shand et al., 
2011].

‘High-energy’ synthetic storm events were constructed using the 
95th percentile peak storm wave height of all identified historical 
storms. ‘Moderate-energy’ storms were constructed using the 50th 
percentile peak storm wave height of all identified historical storms.

We did not extrapolate to storm conditions beyond the buoy record 
length because the cumulative impact of these storms on cross-shelf 
transport is limited by their rarity. While very high energy events can 
have lasting impacts for the subaerial beach and dunes, it is the cumu
lative effect of moderate- to high-energy storm wave events, with suf
ficient wave base and energy to transport sand across the shelf but with 
sufficient frequency that their effect becomes significant when inte
grated over long time scales, that are most likely to provide the mech
anism for cross-shelf transport.

4.3. Directional wave separation

Storm events were separated into three directional sectors (NE – E, E 
– SE, SE – S) to investigate the influence of wave directionality and 
climate forcing on shoreface transport. The NE – E group included 
storms with a mean direction <100◦; the E – SE group between 100 and 
140◦; and the SE – S group included all those >140◦. The directional cut- 
offs were located iteratively by comparing the synoptic patterns pro
duced by each group to those identified in Browning and Goodwin 
[2013]. The synoptic patterns for each group are shown in Fig. 2.

The climate patterns shown in Fig. 2 represent the composite 
anomalies of all sea level pressure (SLP) configurations at the time of 
peak-storm wave conditions for each storm event identified within the 
respective directional sector. In all cases, the composites were sub
tracted from the long-term mean to show the anomalous pattern.

Fig. 2 shows that storm wave events from the NE – E are generated 
from a low-pressure trough extending over Southeast Australia into the 
Coral Sea and interacting with intensified anticyclones in the Tasman 
Sea. Storm wave events from the E – SE result from a more meridional 
interaction between a low-pressure cell in the Coral to North Tasman 
Seas and a blocking high-pressure system, to the south, in the Southern 
Tasman Sea. Storm wave events from the SE – S result from a low- 
pressure cell in the Central Tasman Sea and an intense high-pressure 
system over Southeast Australia and the Southern Ocean. These pat
terns conform to the synoptic storm types identified by Browning and 
Goodwin [2013] and Goodwin et al. [2016].

4.4. Synthetic storm event generation

Once storm wave data were discretized by direction and linked to 
their respective climate forcing, synthetic storm event time series were 
generated for the two energy levels (moderate and high-energy) for the 
three directional groups (NE – E, E – SE, SE – S). Synthetic events were 
developed because there is considerable variability in the shape and 
duration of historical events. To relate sand transport patterns to storm 
energy and direction, idealised storm wave timeseries were required.

Within each energy/directional group, the storm closest to the 
observed median storm duration (92 h) was earmarked as the ‘medoid 
storm’ and used for designing a synthetic storm shape. The medoid 
storm was then idealised to derive a synthetic storm shape (Fig. 3). 
‘Hinge points’ were marked delineating different sections (growth, peak, 
decay), and then a shape-preserving piecewise cubic interpolation was 
used between the hinge points. This was then smoothed using a Savitzy- 
Golay filter to return a more realistic storm shape. Hs values at each 
hourly interval were then normalised relative to the peak Hs so that a 
synthetic storm wave height time series could be built from any peak Hs 
value of choice.

Goda [2010] states that for locations where wind-waves are the 
major component of extreme waves, the storm wave period may be 
related to the storm wave height by: 

Ts = α(Hs)
β (1) 

where Ts and Hs are the significant wave period and height, and α and β 
are coefficients. Values of α = 6.5 and β = 0.33 were suggested by Shand 
et al. [2011] to approximate Tp (rather than Ts) using Hs at the storm 
peak for storm wave events along the SEAS.

Examination of storm wave conditions in the buoy records suggest 
that within a single storm, Tp may increase with Hs, reaching a maximum 

Fig. 2. Composite sea-level pressure anomalies over the Southwest Pacific for a) NE-E storm wave conditions, b) E-SE storm wave conditions, c) and SE-S storm wave 
conditions. Blue represents areas of anomalously low pressure (cyclonic in Southern Hemisphere) and red high pressure (anticyclonic). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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around the time of the peak-storm Hs. Using this rule of thumb, the peak- 
storm Tp derived from Eq. (1), using the coefficients of Shand et al. 
[2011], was fitted to the synthetic storm shape in the same manner as 
the peak-storm Hs.

Using this method, synthetic storm wave time series were con
structed from single peak-storm Hs and Tp values. Synthetic storms 
typical of moderate-energy storm conditions were constructed using the 
50th percentile of peak-storm Hs and Tp values derived from the his
torical storm events collated within each of the three directional groups, 
and high-energy storms were constructed using the 95th percentile 
peak-storm Hs and Tp from the respective directional group.

The Annual Exceedance Probability (AEP) was also calculated for 
each synthetic storm event. The AEP of each ‘moderate-energy’ storm 
was based on the number of storms in the buoy record with peak-storm 
wave heights greater than the 50th percentile peak-storm wave height 
within the respective directional bin (NE-E, SE and S). The AEP of each 
‘high-energy’ storm was based on the number of storms in the buoy 
record with peak-storm wave heights greater than the 95th percentile 
peak-storm wave height within the respective directional bin.

This process was repeated at both the wave buoy sites (Sydney and 
Byron Bay) to account for the differences in wave climate between the 
two locations. Table 3 details the peak-storm parameters used to 
generate each storm wave scenario, the resultant event durations, AEPs 
and accompanying peak-storm wind speeds.

The storm wave (and wind) directions were held constant through 

the duration of each synthetic event in the model and were defined as 
the median of all storm wave (wind) directions within each of the three 
directional sectors. In reality, the wave/wind direction will change 
through an event as the storm transits through the study area. However, 
the time-varying direction of storm waves were not included here as it 
inhibits the idealised analysis of climate forcing and sand transport.

Because the method for deriving synthetic storm wave time series is 
shape-preserving, storm events with higher (lower) peak-storm Hs have 
longer (shorter) durations – as occurs in reality. The storm durations 
derived here are broadly comparable with those developed by other 
authors [Carley and Cox, 2003; Shand et al., 2011]. For example, for 
peak-storm Hs of 5.7 m and 7.5 m, these authors derived a synthetic 
duration of ~90 and ~ 120 h, respectively. In this study, durations for 
comparable peak wave heights are ~110 h and ~ 170 h. While our 
storms are longer, they are still well within the observed range for events 
of these magnitudes (up to ~200 h). This is because we use a shallower 
storm tail (derived from observations), while previous authors have 
derived the storm shape from exceedance heights of different durations, 
which results in a steeper tail.

4.5. Wind forcing

Strong winds often accompany extreme wave events, and wind- 
driven currents contribute to sand transport in addition to waves 
along the SEAS [Griffin et al., 2008]. Local winds also transfer high- 
frequency energy to wave spectra which in turn influences wave- 
driven sand transport.

A regression of storm wave heights recorded at the wave buoys 
against the upscaled CFSR winds extracted at the buoy locations showed 
that higher storm wave heights are generally accompanied by higher 
wind speeds. A cross-correlation analysis showed that in general, wind 
speeds varied within the same hourly time step as wave heights during a 
storm.

In light of this, peak-storm wind speeds were scaled in relation to the 
peak-storm wave heights using a linear regression function, and then 
distributed on the same curve as used for the storm wave height time 
series, to simulate the growth and decay of winds through the storm. 
Wind direction, like wave direction, was held constant through the 
storm.

5. Modelling approach

5.1. Description of models used

The MIKE 21 suite of models developed by the Danish Hydraulic 
Institute (DHI) was used. A wave model (MIKE 21 Spectral Wave SW) 
was dynamically coupled to a flow model (MIKE 21 Flow Model HD) and 
a sediment transport model (MIKE 21 ST), to simulate wind and wave- 
driven currents, sediment transport and morphological change. An 
‘online’ dynamical coupling between waves, currents and morphology 
was performed at each grid cell and time step.

MIKE 21 SW simulates the growth, decay and transformation of 

Fig. 3. Derivation of a synthetic storm shape from the medoid storm a) the 
medoid storm time series and idealised rising limb, peak and tail between hinge 
points; b) the smoothed synthetic timeseries at 1-h intervals. Note that hourly 
wave heights are expressed relative to the peak-storm wave height, meaning a 
synthetic storm event can be constructed from a single peak-storm value. This 
hourly resolution defines the model timestep.

Table 3 
Peak-storm parameters used to generate each storm wave scenario, the resultant event durations and accompanying peak-storm wind speeds. Wave heights (Hs) are in 
m, wave periods (Tp) in s, wind speeds (u) in ms− 1, storm durations (dur.) in h., and wave/wind directions in ◦ TN. AEP refers to Annual Exceedance Probability.

Directional sector Moderate-energy storms (50th percentile of all storms) High-energy storms (95th percentile of all storms) Wave and wind direction

Hs (m) Tp (s) u (m/s) dur. (hrs.) AEP Hs (m) Tp (s) u (m/s) dur. (hrs.) AEP

— Sydney (Central Coast NSW) —
NE – E 4.1 10.4 10.1 63 0.19 5.6 11.5 12.4 107 0.02 86
E – SE 3.9 10.2 9.9 56 0.50 6.0 11.7 13.0 118 0.05 128
SE - S 4.0 10.3 10.0 60 1.80 6.1 11.8 13.2 121 0.18 169
— Byron Bay (Far-North Coast NSW) —
NE – E 4.0 10.3 10.0 59 0.25 7.6 12.7 15.4 166 0.02 93
E – SE 4.2 10.4 10.3 63 0.65 6.5 12.1 13.8 133 0.07 128
SE - S 3.8 10.1 9.7 54 1.60 5.1 11.1 11.7 92 0.16 165
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wind-generated waves and swell in offshore and coastal areas [Danish 
Hydraulic Institute [DHI], 2022a]. The directionally-decoupled and 
quasi-stationary solutions were used. These were found to be the more 
stable solutions and are recommended for instances of fetch-limited 
wave growth [Danish Hydraulic Institute [DHI], 2022b]. As a result, 
white-capping, triads and quadruplet harmonics were excluded; results 
are therefore unsuitable for very shallow (depth, d < wavelength, L/20) 
and very deep water (d > L/2) where these processes may dominate. A 
phase-decoupled refraction-diffraction approximation [Holthuijsen 
et al., 2003] was also used.

MIKE 21 HD is a 2D non-hydrostatic model based on the depth- 
integrated, Reynolds-averaged Navier-Stokes equations [Danish Hy
draulic Institute [DHI], 2022b]. A 2D implementation is usually suffi
cient for coastal applications where the water column is fully mixed, 
away from river estuaries and other outlets, where the assumptions of 
Boussinesq and hydrostatic pressure can be invoked. The 2D imple
mentation assumes, therefore, that bottom flows (like the East Austra
lian Current, EAC) do not contribute to shoreface sand transport.

Sediment transport due to combined currents and waves was calcu
lated using MIKE 21 ST. Transport rates are found a priori from linear 
interpolation in a multi-dimensional transport table, generated by a 
quasi-3D model (STPQ3D). Bed load is calculated according to the 
model of Engelund and Fredsøe [1976]. Suspended load is based on the 
diffusion equations of Fredsøe et al. [1985]. Transport calculations are 
‘quasi-3D’ because they are derived from the mean horizontal velocity 
component, which is equal to the depth-averaged velocity from 2D hy
drodynamic simulations. Modelled sediment transport rates in this study 
are uncalibrated to observations.

Details regarding model calibration against pre- and post-storm ob
servations for an East Coast Low event in 2016 at Narrabeen, are pro
vided in Supplementary Information.

5.2. Model extents and resolutions

Two regional models (central coast NSW, and north coast NSW) were 
set up to capture the regional wind and wave climate, and shelf char
acteristics likely to influence transport processes at the three study sites. 
Both models were based on a series of irregular (flexible mesh, FM) el
ements which allowed a variable resolution within the domains.

The models extended in a cross-shore direction from the landward 
edge of the subaerial beach to the 60-m isobath. This depth contour is 
widely regarded as the boundary between the lower shoreface and inner 
shelf along the SEAS [Roy and Stephens, 1980]. There is no evidence to 
suggest that sand is exchanged across this boundary, and sediment 
sampling [Ribó et al., 2020] suggests that sediment grades to cohesive 
muds beyond this point.

The central coast model extended approximately 50 km alongshore 
from North Head, at the entrance to Sydney Harbour, to Forresters 
Beach, on the central NSW coast (Fig. 4). The regional mesh graded from 
an approximate 200 m element length at the offshore boundary, to 50 m 
at the land boundary. Two higher-resolution areas covering the Narra
been and Wamberal embayments were nested within the regional mesh. 
These areas extended to the 40 m isobath at both sites, and had a 
maximum element length of 20 m.

The north coast domain extended approximately 35 km alongshore 
from Lennox Head, south of Byron Bay, to just north of the Brunswick 
River (Fig. 5). The regional mesh was set up in a similar fashion to the 
central coast domain. A nested high-resolution area was centered on 
Cape Byron, extending north to Belongil Beach, extending to the 40 m 
isobath with a maximum resolution of approximately 20 m.

Fig. 4. Central Coast NSW model (A) showing high resolution mesh areas for Wamberal (B, and northern red box in A) and Narrabeen (C, and southern red box in A). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5.3. Seabed parameterization

Variable bed characteristics were used in modelling to account for 
different seabed types on the shoreface. Areas of sand and reef were 
digitized from Ribó et al. [2020] and parameterized in terms of flow 
resistance, bottom friction, available erodible material and potential for 
transport.

Given the uncertainties in cross- and alongshore sand characteristics, 
a single grain size distribution and bottom roughness were used for areas 
of sand in each model domain. The grain size distribution was described 
by the median grain diameter, d50, and a grading coefficient, α. A d50 of 
0.33 mm (0.22 mm) and α of 1.34 was used for areas of sand in the 
central (north) coast model, representing mean regional values from an 
analysis of ~800 sediment samples along the NSW shelf in Ribó et al. 
[2020]. A hydraulic roughness (kn) of 0.04 m was used to represent the 
existence of small sand ripples [Weber, 1991], which equates to a 
Manning's M (the reciprocal of Manning's n) of 45 for bottom friction. 
The erodible bed layer thickness over areas of sand was set at 10 m, 
which is essentially an infinite thickness over the duration of a single 
storm event.

For areas of rock reef, bed roughness was estimated from lidar- 
derived transects of exposed rock platforms around Long Reef and 
Terrigal headlands. The consecutive substratum height difference was 
calculated along reef flat transects after McCormick [1994] and the 
standard deviation used to estimate the physical roughness height, kw 
after Lowe et al. [2005]. kw ranged from 0.08 to 0.33 m, with the median 

of 0.16 m used. These are slightly larger than those reported for coral 
reefs – for example, 0.06–0.07 m by Nelson [1996] and 0.14–0.16 m by 
Lowe et al. [2005] - reflecting the greater rugosity and variability of bare 
rock reefs. kw was then used to estimate kn (the hydraulic roughness), 
assuming that for reef kw ≈ d50 after Lowe et al. [2005], and so kn ≈ 2 kw 
after Nielsen [1992]. Thus, a kn of 0.32 m was used for reef areas, 
equating to a Manning's M of 32. The erodible bed layer thickness over 
reef was set to zero.

6. Validation against observed long term bed elevation change

6.1. Morphological upscaling

Bed elevation change on the sub-aerial beach and surf-zone may vary 
on the order of tens of centimetres to metres over a single storm event [e. 
g. Bracs et al., 2016]. The transfer of sand from the lower shoreface to 
the upper shoreface and shoreline, however, occurs at a much smaller 
rate over much longer timescales, equivalent to a sand grain thickness 
[Kinsela et al., 2016]. While this is negligible for beach systems on the 
event-scale, it may constitute an important transport pathway when 
integrated over decades to millennia.

A key challenge of modelling sand transport on the lower shoreface is 
the efficient application of process-based models to investigate small- 
scale change over long time periods. It is not possible to run a contin
uous morphological model over centennial time scales because of pro
cessing time. Even if it were possible, it would largely be a waste of time 

Fig. 5. North Coast NSW model (A) showing high resolution mesh areas for the Byron Bay area (B, and red box in A). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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because sand transport in deep water is episodic, only occurring during 
infrequent and high-energy events [Harris and Wiberg, 2002].

As highlighted, morphological upscaling has been used before in a 
variety of forms to model long term coastal processes [e.g., Cowell et al., 
1995; Roelvink, 2006; Ranasinghe et al., 2011]. However, in no previ
ous work has morphological upscaling been linked to regional atmo
spheric drivers and resultant directional wave climate. Here, event scale 
samples of the wave and wind climate are discretised by magnitude and 
direction (described in Section 4), run through a morphological model, 
and upscaled to the timescale of interest using a weighted morphological 
scale factor: 

Δd = nAEP(Δds) (2) 

Where Δd is the cumulative long-term bed elevation (depth) change, 
n is the total number of years to be modelled, AEP is the annual ex
ceedance probability of the storm type and Δds is the modelled bed 
elevation (depth) change after a single storm event. AEP is estimated 
from wave buoy observations as per Table 3.

There are two limitations of this approach. First, scaled bed elevation 
change is only applicable for areas seaward of the surf zone. This is 
because over long timescales, non-storm (modal) wave conditions that 
occur between storms, re-work sediments over the subaerial beach and 
surf zone. Upscaling morphological change from a single storm event 
within the surf zone leads to unrealistically large volumetric change 
because the interceding modal conditions are not accounted for. For 
depths outside the surf zone, where modal wave and wind conditions do 
not have sufficient energy to move sand, the a priori assumption is that 
the upscaled storm-induced bed elevation changes are likely to be more 
akin to the real net observed change. The assumption is that all change 
in shallow water reduces to a long-term equilibrium in line with the 
modal (non-storm) wave climate, while morphological change outside 
the surf zone is the integral of storm wave events over the long term 
[Niedoroda et al., 1984; Pemberton et al., 2012; Anthony and Aagaard, 
2020]. Second, the modelled upscaled change on the lower shoreface 
does not account for updated bathymetry after each successive storm 
event. This means that the “chronology effect” of storm wave events that 
in reality impact the net observed change, were not accounted for.

6.2. Spatial patterns of storm-driven morphological change on the lower 
shoreface at Byron Bay

Goodwin et al. [2013] compared bed elevation change around Cape 
Byron using a hydrographic survey conducted in 1883 that used lead- 
line soundings, with a bathymetric LiDAR-derived survey undertaken 
in 2011 (128 years difference). The total vertical uncertainty attributed 
to the digital surface of the difference between the two surveys was 
approximately +/− 0.5 m. Over this period, the hindcast wave climate 
was from the south-east quadrant but with significant interdecadal 
variability [Goodwin et al., 2013]. Subsequent reconstruction of sea- 
level pressure anomalies over this period also shows that there was a 
higher frequency of SE storm events than at present [Browning and 
Goodwin, 2013].

We assume that lower shoreface change observed over this ~130- 
year period is the integral of high-energy storm wave events. First, we 
compared the pattern of observed morphological change to the 
modelled storm scenarios from the three directional quadrants (NE-N, E- 
SE and SE-S). The spatial pattern of change is primarily controlled by the 
wave direction. The areas of net accumulation (red) and erosion (blue) 
were extracted from the modelled results and the polygons were 
smoothed for ease of comparison (Fig. 6). The same was done using the 
original observations used by Goodwin et al. [2013].

An important point of calibration is determining an appropriate 
lower bound threshold of morphological change to regard in the model 
as ‘error’ and to not include in the comparisons. To do so, we truncated 
the distribution of morphological change across the domain for each 
model run to the inter-quartile range (IQR). Almost all small-scale bed 
elevation change within the IQR occurred on the lower shoreface. In 
each case, the truncated distribution was skewed towards negative 
values – indicative of small-scale bed lowering on the lower shoreface 
and landward transport. This conforms with Navier-Stokes theory of 
wave asymmetry in deep water leading to skewed wave-induced orbital 
motion and shoreward transport.

After some testing, it appeared that one standard deviation around 
zero using the truncated (IQR) model distribution, returned the best 
results when compared to the spatial pattern of observed seabed change. 

Fig. 6. Comparison of observed (A) and modelled (B, C, D) patterns of long-term seabed change on the lower shoreface around Cape Byron and into Byron Bay. Storm 
events are modelled from the NE-E (B), the E-SE (C) and the SE-S (D). Areas of red indicate net positive seabed change (accumulation) and areas of blue indicate net 
negative seabed change (erosion). Only areas of ‘significant’ change are shown (see text for explanation). Modelled storm wave direction is denoted by arrows in top 
right of panels (B) to (D). The present day 10, 20, 30 and 40-m isobaths are also shown in each plot for comparison. The same area of the lower shoreface is compared 
in each case. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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This equated to +/− 0.005 to 0.03 m for different storm scenarios 
depending on the magnitude of sand transport that occurred in each. 
This range was omitted for each storm scenario, leaving what we regard 
as ‘significant’ patterns of change in Fig. 6.

Fig. 6 indicates that the SE storm scenario returns the best match 
with the pattern of observed bed level change, unsurprising given that 
the period 1883–2011 was dominated by south-easterly wave conditions 
[Goodwin et al., 2013; Browning and Goodwin, 2013]. The model 
captures the general extents of the shore-parallel accretion observed off 
Cape Byron between 5 and 15 m depth, and the orientation and 
approximate depth limits of the lower shoreface accretion lobe (bypass 
strand) north of Cape Byron. The model appears to over-estimate the 
northward extent of the bypass strand and does not capture the lobe of 
accretion observed extending to approximately 15 m water depth to the 
far north-west of the observed difference model. This is because this 
feature represents the growth of the ebb-tidal delta from Belongil Creek, 
which is not included in the model. Outflow from the creek and the 
resulting nearshore current field may have stunted the northward 
growth of the bypass strand, hence the difference between observed and 
modelled results to the northwest of the model domain.

6.3. Volumetric change and sediment transport pathways on the lower 
shoreface at Byron Bay

Next, we look to evaluate whether the upscaled modelled results can 
reasonably replicate the centennial-scale volumetric change observed 
outside the surf zone at Byron Bay. Here we are not looking for exact 
replication because this is a parameterised solution that will ultimately 
not capture all the boundary forcing over the period 1883–2011. For 
example, we do not include the sequencing of storm wave events or 

morphological evolution over the 128-year period, nor running the 
model on the 1883 bathymetry. In addition, while we have replicated 
the method of volumetric calculation used in Goodwin et al. [2013], 
there is uncertainty associated with comparing volumetric results due to 
the much denser data point cloud produced with modelling, requiring 
less interpolation, than for the surveyed results.

The aim of this comparison is to test the theory that the morpho
logical signal can be modelled by parameterising the principal agent 
(storm waves) and upscaling it. It also supports our understanding of 
sediment transport pathways and directional storm wave events at this 
site.

Goodwin et al. [2013] divided the Byron Bay shoreface into ten 
morphological areas shown in Fig. 7. Here we test the model for those 
areas that are wholly outside of the surf zone and therefore more likely 
to reflect high-energy storm wave driven seabed change (red shaded 
areas in Fig. 7). We compare the surveyed 1883–2011 volumetric 
change in each of these four areas with the upscaled model results under 
all six storm scenarios. Results are given in Table 4.

Table 4 shows that the upscaled modelled results can produce 
volumetric change that is of a similar order of magnitude as the obser
vations, depending on the directionality and magnitude of the storm 
wave conditions. This provide some confidence in the morphological 
scale factors, noting that the AEP estimate for each storm event is 
derived from the available observational wave data period at Byron Bay 
and assumes that this probability is reflective of the longer-term (i.e., 
centennial-scale) wave climate.

For the “Outer Nearshore 1” zone, similar levels of net accretion as 
those observed can only be replicated under the high-energy E – SE 
storm conditions and is still smaller than observed even after upscaling. 
We note that the model is not using the 1883 bathymetry which may 

Fig. 7. Morphological areas and storm wave transport pathways across the shoreface at Byron Bay. Surveyed bed elevation change over the period 1883–2011 was 
compared to upscaled model results for all areas that are wholly outside of the surf zone (red filled areas in above image). Black line shows the total common 
surveyed area. Sediment transport pathways and storm wave drivers, deduced from model results, are shown in yellow arrows and text. The present day 10, 20, 30 
and 40-m isobaths are also shown. Morphological areas are taken from Goodwin et al. [2013]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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have had an additional sediment supply around the Cape thus increasing 
the potential for higher accretion in this area. Wave-current interactions 
are also important to sand deposition around Cape Byron. It has been 
previously identified that the southward flowing Pacific western 
boundary current, known as the East Australian Current, impinges on 
the middle to inner shelf and interacts with the longshore transport in 
this location [Ferland, 1990; Roy, 1998; Bickers, 2004]. This wave- 
current interaction is not in our modelling, neither is the effect of bot
tom currents, as these are averaged out across the water column in our 
two-dimensional model.

For the “Outer Nearshore 2” zone, the model best replicates the 
observed net accretion under the moderate-energy SE – S storm sce
nario. This suggests that the net accretion observed in this area is only 
possible in oblique storm wave conditions and may be the result of 
winnowing from the Outer Nearshore 1 area under sequential SE – S 
storm wave events.

For the “Byron Bypass Inner Nearshore Lobe” zone, net accretion (as 

observed) can occur under E – SE storm scenarios. This suggests long 
term bed elevation change in this area is the result of predominantly 
storm wave events from the E – SE quadrant.

For the “Byron Inner Nearshore” zone, net accretion (as observed) 
only occurs under the NE – E storm scenarios. However, these storm 
events alone only account for a very small portion of the total observed 
net accretion in this area over the centennial period. There is likely 
significant movement of sand during non-storm (modal) wave condi
tions in this shallow water area, which is not accounted for in our storm- 
focused model.

Model results using morphological upscaling are consistent with 
there being two major sediment transport pathways into Byron Bay (as 
shown in Fig. 7). The first is from the Outer Nearshore 1 area to Outer 
Nearshore 2, facilitated by E - SE storm wave transport. The second is 
around Cape Byron to the Nearshore Lobe, which appears to be a 
sequestration point under almost all storm wave directions and magni
tudes. Some of this volume can be subsequently transferred to Quthe 

Table 4 
Observed and modelled volumetric change at Byron Bay over the period 1883–2011. Volumes are in 103 m3, rounded to the nearest 1000 m3. ‘High’ refers to high- 
energy storms and ‘Mod.’ refers to moderate-energy storms.

Morphological Area Surveyed change 1883–2011 (103 m3) Upscaled modelled storm results (103 m3)

NE-E E-SE SE-S

Mod. High Mod. High Mod. High

Byron Outer Nearshore 1 43 – – – 10 – –
Byron Outer Nearshore 2 118 – – – – 128 –
Byron Bypass Inner Nearshore Lobe 1106 – – 1164 1965 – –
Byron Inner Nearshore 597 32 59

Fig. 8. Peak storm current field (A, C, E) and cumulative bed elevation change after centennial morphological upscaling (B, D, F) for high energy NE-E (A, B), E-SE 
(C, D) and SE-S (E, F) wave and wind scenarios for Collaroy-Narrabeen. Wave vectors on (A, C, E) denote peak-storm wave direction for each scenario. Isobaths on (B, 
D, F) show 10, 20, 30 and 40 m depths.
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Inner Nearshore area during NE – E storms. From here, modal wave 
conditions can rework this sediment into the surf zone and subaerial 
beach.

7. Results and discussion

The synoptic typing/morphological upscaling approach as described 
above, was then applied to other coastal compartments along the SEAS. 
Given the scarcity of observations of centennial-scale bathymetric 
change, model performance at the below sites cannot be directly vali
dated as at Byron Bay. It is therefore an assumption of this work that 
model performance at Byron Bay is comparable to other sites. As a 
result, we only discuss the large-scale modelled patterns at these sites 
below. Quantitative metrics for each of the below study sites are pro
vided in Supplementary Information.

Figs. 8 and 9 show the modelled current field (at the peak of the 
synthetic storm) and resultant cumulative bed elevation change after 
centennial-scale morphological upscaling, for the three high-energy 
directional storm wave regimes (NE-E, E-SE, SE-S), for Narrabeen and 
Wamberal. Modelled results for “moderate” storm wave conditions, and 
other sites along the SEAS, are provided in Supplementary Materials.

7.1. Collaroy-Narrabeen

During periods of NE-E storm wave conditions, generated by a NE/ 
SW oriented blocking high pressure system in the Tasman Sea with a 
tropical low-pressure trough to the north (Fig. 2), a large-scale rip cir
culation is produced in the southern third of the Narrabeen embayment, 
fed by alongshore currents feeding in from both the north and south. The 
current bifurcates at Long Reef headland to the south of the embayment. 
Modelling suggests these high energy episodic transport conditions - 

occurring on average only twice over a 100-year period under current 
wave climate conditions (Table 2) - can lead to significant offshore 
transport and deposition of sediment from the upper shoreface and 
subaerial beach out to depths of 30 m in the southern third of the 
embayment.

Under present-day sea-level conditions, it is unclear how sediment 
deposited at this location could be reworked back onto the shoreline. 
Modelling results from E-SE and SE-S storms indicate no significant bed 
elevation change occurs at this location between the 20 and 30-m iso
baths. It is possible that storms of higher magnitude than those modelled 
could winnow sediment from this location, but given their rarity, this 
would not lead to significant change over the centennial scale. We may 
conclude, therefore, that this would remain as a relict deposit of 
“disequilibrium stress” that could only be moved shoreward during 
periods of lower sea level than today.

Results also indicate that a long-term embayment rotation signal 
may occur on the lower shoreface under differential NE-E and E-SE 
storm wave conditions. Numerous studies have shown that embayment 
rotation can occur across the subaerial beach and upper shoreface under 
directional wave climate forcing on the event to seasonal scale [e.g. 
Harley et al., 2015; Bracs et al., 2016]. This study indicates that a longer- 
term, smaller scale signal of the same sign may also be detectable across 
the lower shoreface on centennial timescales, driven by episodic, 
extreme storm wave conditions. During NE-E storms, an anti-clockwise 
rotation of the lower shoreface occurs, with positive bed elevation 
change occurring to the south and negative change to the north. During 
E-SE storms, the inverse pattern occurs, leading to a clockwise rotation 
of the lower shoreface.

High energy storm wave conditions from the SE-S quadrant are too 
oblique to have any significant impact on bed elevation change across 
the lower shoreface at Narrabeen. Storms from these directions may be 

Fig. 9. As Fig. 8, for Terrigal-Wamberal, also showing Avoca compartment to the south of Terrigal headland.
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agents of alongshore transport within headland-contained compart
ments, but do not appear to influence the long-term pattern of lower 
shoreface change which is predominantly a cross-shore signal.

7.2. Terrigal-Wamberal

At Wamberal, under the same atmospheric and NE-E wave climate 
forcing as at Narrabeen, a rip circulation cell is also produced but the 
offshore current does not fully recirculate and instead feeds into the 
southward flowing alongshore current that is pushed across Terrigal 
headland and into the Avoca compartment to the south. The location of 
the rip cell is also further in the lee of the NE-Esouthern hook of the 
embayment, than at Narrabeen, due to the more oblique orientation of 
the embayment with respect to the wave direction. This flow pattern 
promotes the deposition of a headland-attached lobe of sediment north 
of Terrigal headland, which grades down to the 30-m isobath. A 
centennial scale, anti-clockwise rotation of the lower shoreface is also 
detectable, as seen at Narrabeen.

E-SE conditions are shore-normal at Wamberal and set up a recir
culatory current in the middle of the embayment which leads to a 
pattern of positive bed elevation change in the central corridor of the 
lower shoreface. These hydrodynamic conditions strip sediment across 
the shoreface in both the north and south sections of the embayment 
from around 10–15 m depths, jettisoning it in a shore-normal direction 
in the middle of the embayment out to around 30 m depth.

As is the case at Narrabeen, modelling suggests that SE-S storm wave 
conditions are too oblique to force a significant centennial scale 
response on the lower shoreface at Wamberal. However, under both SE-S 
and E-SE storm conditions, a pattern of erosion is seen emanating in a 
north-eastward direction from Terrigal headland out to the 20-m iso
bath. This may represent the diffraction and wave breaking processes 
that occur in the lee of the headland during southerly oblique storm 
wave conditions, and the bed lowering that ensues along the outer edge 
of the subaqueous portion of the reef as waves break and propagate 
shoreward. The “blue finger” visible in Fig. 9 D and F to the north of 
Terrigal headland illustrates how far out in the embayment this process 
can extend to, in terms of producing significant bed elevation change 
when accumulated over the centennial-scale.

It should be noted that for all atmospheric-storm wave scenarios, at 
both Narrabeen and Wamberal, a cross-shore pattern of negative bed 
elevation change (deep blue) at the toe of the subaerial beach, and 
positive bed elevation change (deep red) at depths <10 m, takes place. 
This represents the process of scour and bar building which is the typical 
net sign of change on the upper shoreface during storms of all directions 
at the event scale.

However, for the purposes of this discussion, and as described in 
Section 6, we disregard all modelled change on the upper shoreface 
because sediment at these depths will be redistributed outside of storm 
events by modal wave conditions. By comparison, the morphological 
“signature” of storms on the lower shoreface remains intact until the 
next storm, because modal wave conditions do not have sufficient en
ergy to transport sediment at these depths. It is these lower shoreface 
morphological signatures – and their linkage back to synoptic climate 
forcing – that is the focus of this paper.

8. Conclusions

This study presents a novel approach to determine the long-term, 
lower shoreface morphological response to regional climate forcing, 
using a combination of synoptic wave climate typing, coupled wave- 
hydrodynamic-sediment transport modelling, and frequency-based 
morphological upscaling, to produce a causal network for risk-based 
scenarios.

We find that at all sites and under the most extreme storm wave 
conditions modelled, the 30–35 m depth zone appears to be the ultimate 
seaward limit of significant, shoreward sediment transport on the 

centennial scale. This is beyond the depth of closure (DoC) on the upper 
shoreface of around 14 m at Narrabeen [Harley et al., 2022] and 12 m at 
Wamberal [Couriel, 2021]. It is, however, consistent with other obser
vational based studies [e.g., Hallermeier, 1981; Valiente et al., 2019] 
that have investigated the maximal limit of shoreface sediment transport 
under extreme wave forcing.

The DoC is typically considered the lower design limit for closing the 
sediment budget for coastal engineering applications [U.S. Army Corps 
of Engineers, 2012], and there is typically no consideration of sediment 
movement beyond this depth. This study suggests that, for coastal 
infrastructure projects on the Southeast Australia Coast (with typical 
design lives of over 50 years), some significant sand transport impacting 
the coastal sediment budget occurs beyond the DoC, out to the ~30-m 
depth. For these studies, we recommend that the sediment transport 
processes should be considered out to ~30-m depth to fully account for 
design life relevant conditions.

This also indicates that, under present-day sea-level conditions, inner 
shelf sediment deposits located beyond the toe of the lower shoreface 
(30 to 35 m isobaths) are relict and inactive with regards to the 
centennial scale sediment budget of coastal compartments along the 
Southeast Australian coast. This is an important consideration for 
coastal managers when considering offshore locations for sand extrac
tion for beach nourishment projects and ensuring that any extraction 
does not adversely impact the coastal sediment budget.

This study also demonstrates that only storms with quasi-coast 
normal directions are able to force significant sediment transport on 
the lower shoreface. In the case of the Southeast Australian Coast, storms 
clockwise of SE, while potentially important mechanisms for headland 
bypassing and alongshore transport on the upper shoreface [e.g. Silva 
et al., 2025], are too oblique to be agents of long-term, cross-shore 
episodic sediment transport from the lower shoreface to the coast.

The approach presented in this paper provides practitioners with a 
causal network approach that offers a linkage between the major modes 
of regional atmospheric and wave climate variability, and their long- 
term morphological response across the shoreface. By focusing on the 
extreme, episodic wave events as the principle agent for cross-shoreface 
sand transport, it can be used to link either future climate model pro
jections of synoptic weather patterns over the coming century, or paleo- 
climate reconstructions of past centennial periods, to sand transport 
pathways across the shoreface.
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