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Abstract Tropical expansion is potentially an amplifier of coastal change in the subtropics, through
directional wave climate shifts. The storm wave climate and directional wave power distribution along the
Southeast Australian Shelf (SEAS) is investigated with respect to tropical extent. Forty years of storm wave
observations from nine midshelf wave buoys are evaluated using synoptic storm wave typing. A robust lati-
tudinal and along-shelf gradient in storm wave types and wave propagation patterns exists. The tropical ori-
gin storms produce a shore-normal propagation pattern along the SEAS, reduce the connectivity of coastal
compartments through minor headland bypassing events or episodically reversing the net northward trans-
port. In contrast, the extratropical origin storms produce a shore-oblique propagation pattern from the
Southern Tasman to the Coral Sea, and are an important control on the connectivity of regional longshore
sand transport through episodic major headland bypassing events between compartments, and the main-
tenance of down-drift coastlines in dynamic equilibrium. Future climate change projections indicate that
the recent trend in the expansion of the latitudinal extent of the tropics in the south-west Pacific region will
continue throughout this century. The combined impacts of a projected 2.58 poleward shift on the storm
wave climate is a significant reduction in net northward longshore sand transport and the efficiency of
headland bypassing events. On the North and Central Coasts of New South Wales we project a �30% reduc-
tion in longshore sand transport for the dominant extratropical-origin storm events, together with a �5%
increase in reversed (net southward) longshore sand transport for tropical-origin storm events.

1. Introduction

Extreme storm waves are an important driver of coastal stability, particularly in relation to their magni-
tude and clustering frequency impacts on coastal erosion, offshore sand transport and subsequent
recovery time scales. The directional storm wave climate is also a principal driver of headland bypassing
processes through; (i) the establishment of an oblique wave driven current in the littoral zone and the
associated longshore sediment transport between obliquely aligned open coastal compartments; and,
(ii) headland-attached rip current leakage of sediment between compartments that are normally aligned
to the modal wave climate [Goodwin et al., 2013]. Hence, changes in both the extreme values and direc-
tion of future storm wave climate have the potential to be major drivers in large-scale coastal
reorganisation.

Trend analysis has shown that storm wave heights have been increasing in the North Pacific [Komar and
Allan, 2008; Ruggiero et al., 2010; Bromirski et al., 2013], North Atlantic [Wang et al., 2012; Bertin et al., 2013,
Bromirski and Cayan, 2015], and the Southern Ocean [Young, 1999; Hemer, 2010] in association with a shift
toward strengthening extratropical wind fields [Cai et al., 2005; Thompson and Solomon, 2002]. Whilst there
is increasing attention toward the projection of future storm wave climates and extreme values globally
under a changing climate [Ruggiero et al., 2010; Hemer et al., 2013; Dowdy et al., 2014], a major unknown is
whether the poleward expanding tropics (the width of the Hadley Cell) [Seidel et al., 2008] will be associated
with a shift in the relative frequency and magnitude of tropical or extratropical storm waves, and a corre-
sponding shift in directional wave climate.

The modal wave climate along the Southeast Australian Shelf (SEAS) is dominated by waves from south to
east-south-east. South of 338S, this directional wave climate is quasi-normal to the shelf and coast, whereas
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north of 338S, the wave climate becomes increasingly oblique to the shelf and coast strike. This drives a
northward longshore current and sand transport over �1000 km from the central NSW coast as far north as
288 S, (shelf north of Fraser Island,) with transport rates increasing from �50,000 m3/yr to �1,000,000 m3/yr
[Boyd et al., 2008]. The East Australian longshore sand transport system is one of the largest longshore sand
transport systems on Earth and connects regional coastal compartments via major headland bypassing (Fig-
ure 1). The late Quaternary evolution of the great sand islands, such as Stradbroke Is., Moreton Is., and Fraser
Is. in south-east Queensland is manifest to this longshore transport system.

In the south-west Pacific region, extreme waves are generated from either: (i) poleward-moving tropical
cyclones in the Coral Sea; (ii) in the Tasman Sea from East Coast Lows of both subtropical and extratropical
origin; and, (iii) in the Southern Tasman Sea by extratropical lows cut-off from the circumpolar trough

Figure 1. Location of midshelf wave buoys (red or black flags), study sites (green circles) and prominent headlands (yellow arrows) on the
south east coast of Australia. Red flags indicate a part-directional wave buoy record that was used in this study, black symbols indicate a
non-directional record. Also shown is the direction of regional longshore sand transport (south to north), driven by headland-rip leakage
(dotted yellow line) and headland sand bypassing.
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[Browning and Goodwin, 2013].
Hence, the broad-scale synoptic driv-
ers are strongly linked to latitudinal
interactions of subtropical and extra-
tropical air masses. These storm sys-
tems generate south to east extreme
waves from Southern Tasman Sea
sources, and east through north-east
extreme waves from the northern
Tasman Sea to Coral Sea sources
[Goodwin, 2005]. Typically, the mid-
shelf environment (SEAS) experien-
ces a maximum (hourly) peak storm
significant wave height of between

Hs 5 7.1 m (Eden) and 8.9 m (Sydney), and mean peak storm significant wave height of Hs 5 3.7 to 4.0 m, with
mean storm durations of 60–90 h [Shand et al., 2011].

Previous studies on projecting storm wave frequency and magnitude for climate-change scenarios later this
century group all storm wave events into either Tropical Cyclones or East Coast Lows and focus on coastal
impacts of changing storm frequency [e.g., Hemer et al., 2013; Dowdy et al., 2014]. The recent Tropical
Expansion trend is most apparent during the equinoxes, which is of significance for the understanding of
storm wave event time series, because of the warm season (late summer -autumn) occurrence of high mag-
nitude East Coast Lows along the north coast New South Wales (NSW). Tropical expansion is projected to
continue over the future century and since our a priori observations show contrasting directional storm
waves for either tropical or extratropical origin, we investigate the latitudinal relationship of the storm wave
types and the impact of future tropical expansion and potentially more tropical-origin storms on the East
Australian longshore sand transport system.

The paper is divided into four components: (i) a synoptic typology of storm wave events along the SEAS,
their latitudinal relationship and deepwater propagation patterns; (ii) nearshore directional wave power pat-
terns for characteristic coastal compartments; (iii) the contribution of each storm wave type to potential
longshore sand transport; and (iv) the implications of a changing storm wave climate on headland sand
bypassing and the connectivity of regional longshore sand transport.

2. Data and Methods

2.1. Instrumental Extreme Wave Data
Along the SEAS, instrumental wave data have been collected since the mid-1970s when the New South
Wales (NSW) and Queensland (QLD) Governments commenced wave monitoring. Long-term, continuous
and directional wave data are available for midshelf locations at (north to south) Byron Bay, Coffs Harbour,
Crowdy Head, Sydney, Port Kembla, Batemans Bay and Eden (Figure 1). In addition, Sydney Ports Corpora-
tion has maintained a wave buoy offshore of Botany Bay since 1971. Further north, the Queensland Depart-
ment of Science, Information Technology, Innovation and the Arts (DSITIA) maintains a network of 12 wave
buoys along the QLD coastline. A wave buoy located offshore of Brisbane (Point Lookout on North Strad-
broke Island) since 1976 improves the evaluation of subtropical wave climate in far north NSW, and is used
in this study. Table 1 shows the length of directional and non-directional wave observations for each buoy
used in this study (after Kulmar et al. [2013]). This data set provides observational coverage of approxi-
mately 1,000 km of midshelf waves (60–100 m depth), along the western boundary of the Tasman and Coral
Seas from 27 to 378 S. 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 satis-
fied for storm waves traveling at periods of 10 s or more. This study therefore deals with a midshelf,
intermediate-to-deepwater storm wave climatology.

All buoys measure hourly wave spectra, from which parametric data are derived. In this paper we use the 1
hourly significant wave height, Hs (m), wave period at the primary spectral peak, Tp (s), and mean wave
direction, MWD (degrees True North, 8 TN), to describe storm wave characteristics.

Table 1. Directional and Nondirectional Buoy Record Used in This Studya

Wave Station
(N to S)

Latitude
(decimal
degrees)

Water
Depth

(m)
Date Site

Commissioned

Directional
Buoy

Deployed

Brisbane 227.48 70 31 Oct 1976 20 Jan 1997
Byron Bay 228.85 62 14 Oct 1976 26 Oct 1999
Coffs Harbour 230.35 72 26 May 1976 14 Feb 2012
Crowdy Head 231.81 79 10 Oct 1985 19 Aug 2011
Sydney 233.77 92 17 Jul 1987 3 Mar 1992
Botany Bay 234.04 75 8 Apr 1971 14 Jan 2015
Port Kembla 234.47 80 7 Feb 1974 20 Jun 2012
Batemans Bay 235.70 73 27 May 1986 23 Feb 2001
Eden 237.30 100 8 Feb 1978 16 Dec 2011

aWater depths reflect current moored position.
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2.2. Extreme Value Analysis
An extreme value analysis of this
instrumental wave data archive
(start of record to December 2009)
was reported in Shand et al. [2011]
and the database was made avail-
able for our study. A Peak over
Threshold (PoT) analysis was under-
taken to define storm events [Shand
et al., 2011] for 1 hourly significant
wave height, Hs, of greater than
2.0 m (approximate to the 10%
exceedance wave height along the
NSW/QLD coast) with a minimum
exceedance duration of three days.
A second higher threshold of 3.0 m
(5% exceedance threshold) with no
minimum duration was also used to
capture intense but transient storms

(e.g., tropical cyclones). A minimum interval between storms was set at one day to prevent single storms
being split into two or more events if wave height temporarily drops below the threshold. Mortlock and Good-
win [2015] tested the storm event frequency returned using these values and found them to give a statistically
robust split between storm and modal wave conditions.

We extend the use of wave buoy observations to 2013 for the analysis of storm wave shoreface refraction
patterns in section 4 and implications for regional longshore sand transport in section 5. We consider the
length of this wave data spanning �40 years to be appropriate for the study of extreme waves, as it is
sampled from both phases of the Interdecadal Pacific Oscillation (IPO) that has been previously shown to
influence the SEAS wave climate [Goodwin, 2005].

2.3. Synthesis of Storm Wave Parameters
Average storm-peak parameters Hs, Tp and MWD (Table 2) for each storm type (described in Table 3) were
determined using the database of Shand et al. [2011]. For the Central Coast NSW (extents Figure 1), storm
peak Hs and Tp parameters were derived from storm events identified from the Sydney and Port Kembla
buoy records (1974–2009), and MWD from the available (1992–2009) directional Sydney record. For the
mid-North Coast NSW, storm peak Hs and Tp were derived from storm events identified from the Coffs Har-
bour buoy record (non-directional 1976–2009), and MWD was hindcast from the directional portion of the
Byron Bay record (2000–2009) (method section 2.3.1). For the North Coast NSW, storm peak parameters
were derived from the Byron Bay buoy (non-directional from 1977, directional from 2000), except for East-
erly Trough Lows (ETL’s) where the peak storm wave direction was determined from the Brisbane buoy
record. This was because observed East Coast Lows are understood to be under-sampled at Byron Bay due
to issues of buoy submergence during early deployments [Shand et al., 2011]. The number of East Coast
Lows recorded at Brisbane and Byron Bay is comparable between sites.
2.3.1. Storm Wave Direction Hindcast
Since the Coffs Harbour buoy only became directional in 2012, no directional information for storm types
was available in the original Shand et al. [2011] report, which was concluded in 2009. Instead we used the
directional portion of the Byron Bay buoy record, 190 km north of Coffs Harbour, to hindcast MWD for
storms back to 2000 at Coffs Harbour. The Byron Bay buoy is the nearest midshelf buoy with an interannual
directional record.

We used a cumulative distribution function (CDF) matching approach [Brocca et al., 2011] between the over-
lapping directional records at Byron Bay and Coffs Harbour (February 2012 to December 2013), giving a
training data set of over 12,000 hourly observations (Figure 2). Only wave directions between 20 and 2008

(i.e., onshore-propagating wave energy) were used to train the model. Although MWD is broadly compara-
ble between the two sites (Figure 2a), bias-adjustment was found to better describe the MWD distribution,
especially the peaks around 40 and 1508 characteristic of the Coffs Harbour record (Figure 2c). Once MWD

Table 2. Midshelf Storm-Peak Parameters, Mean Frequency of Occurrence, and Wave
Base for the Four Most Frequent Storm Types on the Central, Mid-North, and North
Coast NSW

Storm
Type

Frequency of
Occurrence

(%)

Average
Storm

Peak Hs (m)

Average
Storm

Peak Tp (s)

Average
Storm

Peak Dir (8)

Wave Base for
Storm Peak Hs

(m)

Sydney/Port Kembla
STL 36 3.8 11.1 172 96
SSL 28 4.3 11.0 170 95
ITL 18 4.2 10.4 157 85
ETL 7 5.3 11.8 153 109
Coffs Harbour
ITL 25 4.1 10.5 142 86
ETL 23 4.6 11.5 116 103
SSL 21 3.9 11.1 149 96
STL 14 3.6 11.3 161 100
Byron Bay
SSL 26 3.8 11.1 167 96
AI 23 3.4 9.5 139 71
ITL 15 3.9 10.4 156 85
ETL 12 4.3 10.6 115 88
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was hindcast for the non-directional portion of the Coffs Harbour record (back to 2000), the peak-storm
MWD for each storm type could be determined (Table 2).

2.4. Storm Wave Typology and Relationship to Large-Scale Climate
In this study, we have refined the maritime storm typology of PWD [1985, 1986] and Speer et al. [2009]
according to the Browning and Goodwin [2013] investigation of storm tracks and meteorological evolution
of: (i) the extratropical transition of cyclones from the Coral Sea; (ii) the evolution of subtropical maritime
storms over the Tasman Sea; and, (iii) the subtropical transition of extratropical storms cut off over the

Figure 2. MWD hindcast at Coffs Harbour by CDF matching using MWD at Byron Bay; (a) hourly observations of MWD (green) and quantiles
(blue) at Coffs Harbour and Byron Bay (February 2012 to December 2013), (b) cumulative distribution and c) probability density of MWD
observed at Coffs Harbour and Byron Bay, and resultant hindcast at Coffs Harbour for 2000–2012.

Table 3. Storm Type Definitionsa

Abbreviation Full Name Storm Description

TC Tropical Cyclone Swell related to named Tropical Cyclones forming in the Coral Sea between
5–108 latitude.

TL Tropical Low Low pressure systems forming in the Coral Sea but not reaching the low pressure
intensity of a named tropical cyclone

AI Anticyclone Intensification Form when a high across the Tasman Sea directs onshore NE to SE winds
to the coast

ETL Easterly Trough Low Cyclonic depressions generated primarily along the central NSW coast
between 258 and 408 latitude

ITL Inland Trough Low Originate in the quasi-permanent low pressure trough over inland Qld,
their movement to the east coast is often associated with STL

CL Continental Low Storms originating in Western Australia of the Great Australian Bight and
moving overland, often re-intensify upon crossing the east coast

SSL Southern Secondary Low Form as a secondary cut off extratropical low in the Southern Tasman sea
STL Southern Tasman Low Major lows in the Southern Ocean south of 388S

aAbbreviations of storm types are used throughout this paper.
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Southern Tasman Sea. Each storm type is related to tropical extent by the latitude of the zonal maximum
mean sea-level pressure MSLP (Subtropical Ridge, STR) in the Tasman and Coral Seas region bounded by
108–448 S and 1458–1508 E [Drosdowsky, 2005]. The mean latitude of the STR was calculated using ERA-
Interim MSLP data using a modified L-index [Pittock, 1973; Drosdowsky, 2005].

Each PoT storm wave event in the Shand et al. [2011] database was assigned to one of the eight synoptic
types storm types listed in Table 3. The synoptic type for each wave event was based on the synoptic gene-
sis of the storm, including storm track and the synoptic pattern at the time of the observed peak wave cli-
mate using the 1000 hPa (surface) and 500 hPa pressure field data from the NCEP-NCAR Reanalysis (NNR)
mean sea-level pressure data set from 1948 to 2009 [Kalnay et al., 1996].

2.5. Storm Wave Generation and Propagation Patterns
We composited the mean Hs and MWD for all recorded storm wave events for each storm type, using the
ERA-Interim gridded wave data (1980–2011). Previous studies have shown that wave data from the ERA
reanalyses [Dee et al., 2011] show positive trends in high percentile wave heights around the southern mar-
gin of Australia [Hemer, 2010], and during austral winter and southerly wave conditions in the Tasman Sea
[Harley et al., 2010]. In order to minimize wave height bias, we used the ERA-interim Hs rather than maxi-
mum wave height (Hmax) values for each storm day to examine relative differences in the propagation pat-
terns for each storm type.

2.6. Modeling Storm Wave Shoreface Refraction Patterns
A MIKE21 Spectral Wave (SW) model was used to transform offshore peak storm wave parameters for the
four most frequent storm types (Table 2) to three characteristic coastal compartments: (i) Central Coast
NSW (Terrigal-Wamberal Beach, a closed to leaky compartment); mid-North Coast NSW (Sawtell Beach, a
leaky to open compartment); and, (iii) North Coast NSW (Byron Bay, an open compartment) (locations Fig-
ures 1 and 3). MIKE21 SW is a third-generation, phase-averaged spectral wind-wave model that computes
random, short-crested wind-waves in coastal and inland regions [DHI, 2016]. In this instance, the model sol-
ves the wave action conservation equation using a directional decoupled parametric formulation.

A separate model domain was created for the shelf region that encompassed each of the three study sites.
For each location, the wave model domain extended approximately 30 km of shoreline length either side of
the study site out to the 70 to 90 m isobaths on which the midshelf waverider buoys were moored. This
ensured that lateral boundary errors did not propagate into the areas of interest, and that offshore wave
forcing represented those observed at the midshelf buoys.

A flexible mesh was used, grading from an approximate mean element length of 200 m offshore to 50 m at
the shoreline in order to capture bathymetric complexities affecting refraction patterns in shallow water.
The seabed topography was described using a mosaic of best-available bathymetries from the depth of off-
shore buoys to the shoreline. Where no localized bathymetries were available, gaps were filled using the
GeoScience Australia AusBathy grid [Whiteway, 2009]. A buffering method was used to avoid depth-
stepping between adjacent bathymetries.

A JONSWAP spectrum was used to propagate spectral information through the model domain based on
boundary parameters of peak storm Hs, Tp and MWD for each storm type. A directional spreading function
equivalent to approximately 208 of spreading was used to replicate a mixed sea-swell environment charac-
teristic of storm wave conditions.
2.6.1. Model Validation
The model’s nearshore performance was validated against observations from two Datawell Directional Wav-
eRider (DWR) buoys deployed at Wamberal and Sawtell (locations Figure 3), giving a validation record of
over 1,900 hourly observations. During validation, MIKE21 SW was run using hourly wave parametric data
from the closest offshore wave buoy over the period of nearshore observations (i.e., Sydney buoy for
Wamberal, Coffs Harbour buoy for Sawtell, see Figure 3 insets).

The model performed well in the prediction of nearshore Hs (R2> 0.90, slope 0.90) and MWD (R2> 0.80,
slope 0.82), but over-predicted wave period by 1–2 s at both sites (Figure 4). The systematic over-prediction
of wave period is probably a result of no wind forcing during model validation. A local wind was not applied
because the model was used with representative storm wave parameters, for which no corresponding wind
field existed.
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Figure 3. Sites for refraction modeling of storm types and regional map. 2 m spaced bathymetry from 0m contour shown. Yellow circles
(red flags) indicate nearshore (offshore) buoy locations. A variable scale is used between sites due to differences in alongshore compart-
ment length. The 6, 12, and 30 m contours are highlighted at each site to denote the approximate seaward extent of the surf zone, upper/
lower shoreface and lower shoreface/inner shelf boundary. Study sites are denoted as green circles in regional map.
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Despite the discrepancy in wave period, the accurate modeling of Hs is the most important parameter for
the representation of directional wave power, P, as P is proportional to the square of the wave height (from
Holthuijsen [2007]):

P5ECg (1)

where E is the wave energy density, Cg is the wave group velocity (m/s), and P is expressed in kilowatts per
meter wave-crest-length (kW/m). To account for shoaling effects, Cg is defined as n k/Tp where k is the
wavelength determined using the Newton-Raphson iterative solution and n scales with depth:

n5
1
2

11
4pd=k

sinh 4pd=kð Þ

� �
(2)

2.7. Modeling Potential Longshore Sand Transport at Updrift Headlands for Storm Types
The longshore sand transport rate during peak storm wave conditions was determined for the four most
commonly occurring storm types at each of the three study sites. Wave data were output at � 5 m water
depth off the southern headland at each site to determine the influence of a change in storm type with
tropical expansion on headland sand bypassing (output locations Figures 8–10). The strike of the 5 m con-
tour was calculated as the best-fitting tangent to the 5 m contour along the updrift coast and headland at
each site. This value is an approximation of ‘real-world’ bathymetry and is a valid method to compare the
sand transport rates for each storm type.

Figure 4. MIKE21 SW model validation against Wamberal and Sawtell nearshore Directional WaveRider buoy observations for (a) wave
height, (b) wave period, (c) wave direction, and (d) wave power. Quantiles (blue crosses) and linear regression (red line) are shown with
scatter data. All verification metrics are given to p< 0.05.
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The potential volumetric transport rate, Q, was calculated using the CERC equation (after Rosati et al.
[2002]);

Q5K
q
ffiffiffi
g
p

16j
1
2 qs2qð Þ 12nð Þ

 !
Hb

5
2sin 2abð Þ (3)

where q is the density of seawater (1,025 kg/m3), g is acceleration due to gravity (9.81 m/s2), Hb is the
breaker wave height (here, the storm peak Hs at �5 m depth), ab is the wave obliquity at the breaker line, k
is the breaking coefficient (set at 0.8), qs is the density of immersed sand (set at 2,650 kg/m3) and n is the
porosity of sand (set at 0.4). The proportionality coefficient, K, was determined using the relationship of del
Valle et al. [1993];

K51:4e 22:5D50ð Þ (4)

where D50 is the median grain diameter (set at 0.19 mm, after Roy and Stephens [1980], who show outer
nearshore deposits are composed of quartz sands of this grain size across the NSW inner shelf). Sediment
characteristics were left unchanged at each site to elucidate the impact of storm wave conditions on head-
land transport.

3. Storm Wave Types and Propagation Patterns

The discrimination of storm wave events into tropical or extratropical origin, and their seasonality, is an
important first step in reducing the problem of how storm wave climatology might change in the future,
and hence the impact on event-level and net longshore sediment transport. A synoptic description of the
eight storm types covered by the terms Tropical Cyclones and the Subtropical East Coast Lows (ECL) is
included in Table 3. Tropical origin storm wave events are generated by storms in the Central Tasman Sea
to Coral Sea (Easterly Trough Lows (ETL), Inland Trough Lows (ITL), Tropical Cyclones (TC), Tropical Depres-
sions (TL) and Anticyclone Intensification (AI)). Extratropical origin events are generated in the Southern Tas-
man Sea (Southern Secondary Lows (SSLs), Continental Lows (CL) and Southern Tasman Lows (STL)). The
MSLP field associated with each of the eight storm types is shown in Figure 5. The corresponding fetch and
ocean wave propagation patterns are shown in Figures 6a–6h (for peak storm wave energy at the buoy
locations).

East Coast Lows exhibit strong seasonality in their occurrence. The primary Austral winter events are ETLs
(April to August), SSLs (May to October), and STLs that occur primarily between July and December. TCs and
TLs are warm season weather systems (December to April with most occurring between January and
March). Hybrid tropical-extratropical events such as Inland Trough Lows (ITL) have a larger frequency during
October to March. and Anticyclone Intensification (AI) events tend to be more concentrated and produce
larger storm waves between January and June [Shand et al., 2011]. ETLs, ITLs, SSLs and STLs are the most
common storm types along the SEAS (over 75% of the variability in the storm wave climate), apart from on
the North Coast NSW where AIs replace STLs. A full discussion of storm frequency for each region is pro-
vided in Shand et al. [2011]. We examine the impact of the four most common storm types on the nearshore
processes in sections 4–5 of the paper.

The latitudinal association of each storm type results in an along-shelf distribution of storm type occurrence
along the SEAS (all buoy records, Figure 7a). In general, STLs produce the most southerly storm wave pat-
terns emanating from the Southern Tasman Sea. SSL produce southerly patterns, whilst AI and ITL’s produce
south-easterly patterns along the coast and shelf south of 308 S. ETLs produce east-south-easterly patterns
along the entire coast and shelf from 25 to 408 S. ETLs are the most powerful storm type across the shore-
face at all sites, due to the highest midshelf wave height and most shore-normal wave direction.

There is also a strong along-shelf gradient in storm wave direction, as shown in the directional record at
midshelf buoy locations (Brisbane, Byron Bay and Sydney buoys, shown in Figure 7b). Mean storm wave
direction is 1298 at Brisbane 1478 at Byron Bay and 1538 at Sydney, thus rotating clockwise with latitude
south. While a significant SE component is visible at all three buoys, Sydney receives the largest storm
waves from the SSE and Brisbane from the ENE, reflecting the proximity to different storm wave genesis
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Figure 5. MSLP anomaly (hPa) composites (using ERA-Interim daily data) for each synoptic storm type. Black dots show the location of the
maximum MSLP within the study area (box shown 108–448S and 1458–1508 E) during each individual event (day) within the storm type
cluster and are indicative of the location of the Subtropical Ridge (note that due to grid resolution multiple events may be plotted over
the same location). Grey cross indicates the mean location for all events with 1r error bars.

Journal of Geophysical Research: Oceans 10.1002/2016JC011769

GOODWIN ET AL. STORM WAVE TYPE AND LONGSHORE TRANSPORT 4842



Figure 6. Composite storm wave propagation patterns in the Tasman and Coral Seas using ERA-Interim hindcast wave data (1980–2011)
for each of the eight synoptic storm types defined in Figure 5.
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(i.e., from Figure 7a, storm wave genesis of AIs, TCs and ETLs is most proximal at Brisbane, and STLs and
SSLs are most proximal at Sydney).

4. Regional Shoreface Exposure to Storm Wave Types

Nearshore sensitivity to variability in storm wave types is shown in Figures 8–10 for each storm type at
Terrigal-Wamberal (Central Coast NSW), Sawtell (mid-North Coast NSW) and Byron Bay (North Coast NSW)
when offshore peak-storm wave parameters (given in Table 2) were refracted across the shelf. The differ-
ence in wave power refraction patterns between sites is due to: (i) the south-to-north latitudinal wave
power gradient; and, (ii) the shoreface slope and aspect at each location (Figure 3). The mean upper (lower)
shoreface slope and aspect at Wamberal is approximately 2.2% (1.4%) and SE, at Sawtell and Byron Bay is
1.9% (0.6%) and ESE and NE, respectively. The shoreface slope at each site was determined by taking a

Figure 7. Latitudinal (a) distribution of storm types and (b) gradient in storm wave direction (for Figure 7a, Sydney includes Botany Bay
buoy record).
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shore-normal transect through the bathymetric surface used for wave modeling. Each transect extended
from the centre of each study site from the shoreline to 30 m depth. The slope of the upper shoreface was
defined as the shore-normal gradient from the shoreline to 12 m depth (15 m at Wamberal), and from 12 or
15 m to 30 m depth for the lower shoreface. The compartment aspect was defined as the shore-normal
direction from the centre of each study site.

A steeper, narrower shoreface, and planform orientation toward the mean storm wave direction at Wamb-
eral (and Central Coast NSW in general), combined with the proximity to southerly storm wave generation,
increases the exposure to high nearshore storm wave power toward the more exposed northern end of the
embayment. At Sawtell (and on the mid-North Coast in general), a more easterly shoreline geometry means
there is particularly high (> 90 kW/m) exposure to ETL storm wave events.

Figure 8. Refraction patterns for the four most commonly occurring storm types at Terrigal-Wamberal, showing gradients in P0 and vectors of MWD. The peak-storm MWD (offshore) and
mean percentage occurrence of each storm type are shown. The approximate nearshore headland location for calculation of updrift longshore sand transport, Q, is also shown (black
circle). The strike of the coast (black arrow) and shore-normal wave direction (dotted line) that were used to estimate nearshore wave obliquity, a, are also shown. Storm types are
ordered following a clockwise rotation of MWD (top left to bottom right).
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A lower nearshore wave power environment exists at Byron Bay (and on the North Coast in general)
because of the increased distance from southerly storm wave generation (for SSL, ITL and STLs) and expo-
sure to less intense storm type (for AIs). Locally, the pattern of nearshore wave power at Byron Bay is also
influenced by refraction around Cape Byron, Julian Rocks and a prominent shelf sand-body east of Cape
Byron (see Goodwin et al. [2013]). These features further dissipate wave energy producing much lower near-
shore wave power environment.

In summary, the largest along-shelf contrast in storm wave direction is between the STL/SSL and ETL storm wave
climates that range from strongly oblique to normal to the shelf strike direction, respectively (Figure 11a). After
refraction across the inner shelf and shoreface, the directional difference between the SSL and ETL storm waves
increases with decreasing latitude (i.e., northward).

Figure 9. Refraction patterns for the four most commonly occurring storm types at Sawtell (as Figure 8).
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5. Influence of Storm Types on Present and Future Regional Longshore
Sand Transport

5.1. Potential Longshore Sand Transport Rates Associated With Storm Type
The present-day oblique SE mean wave climate leads to an increasing net differential in the longshore
wave-driven current to the north along the SEAS. Superimposed on this, storm-wave events facilitate epi-
sodic headland sand-bypassing to downdrift headland-bay beaches, or offshore transport to the lower
shoreface. Headland bypassing of sand between coastal compartments is facilitated by shoreline planform
accommodation space through the clockwise rotation of the surf zone bar system under modal wave condi-
tions, and is episodically driven by obliquely propagating storm wave energy [Goodwin et al., 2013]. The
directional wave climate thus performs the role of a ‘sand valve’ updrift of each headland.

To quantify the influence of each storm type on headland sand bypassing we modeled the potential longshore
sand transport rate, updrift of the major headlands using the wave obliquity and wave height output during

Figure 10. Refraction patterns for the four most commonly occurring storm types at Byron Bay (as Figures 8 and 9).
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the storm peak, at the �5 m depth contour off the updrift headland at each of the three study sites (locations
Figures 8–10). The results of the calculated storm-peak potential longshore sand transport, Q (m3/hr), for a
typical storm event, are listed in Table 4.

At all sites ITLs and SSLs produce an equivalent potential sand transport rate. At Terrigal-Wamberal a typi-
cal ETL drives a net northward potential sand transport rate of �8,400 m3/hr, which is 30% greater than
that of a typical SSL, although SSLs are currently the most frequent storm types at this location. Further
north at Sawtell and at Cape Byron, a typical ETL drives a net southward potential sand transport rate of
21200 and 23200 m3/h, respectively, which is in a reverse direction to the net northward regional long-
shore transport. ETLs often form in an AI circulation [Browning and Goodwin, 2013] and the latter can also

Figure 11. Difference between Southern Secondary Low (SSL) and Easterly Trough Low (ETL) storm wave propagation patterns on (a) the
SEAS, and (b) 5 kW/m nearshore wave power gradients in headland shadow zones at Terrigal-Wamberal and Byron Bay. Arrows in Figure
11b represent the centroid peak storm midshelf wave direction for SSL (white) and ETL (red) at Sydney (for Terrigal-Wamberal) and Byron
Bay buoys. The dotted white line at Byron Bay illustrates the 5 kW/m power gradient for SSL without the shadowing effect of Julian Rocks.
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produce an equivalent net southward potential sand transport if the nearshore MWD is east-north-
easterly to east-south-easterly, similar to that calculated for ETL events (ie <1108). In comparison, typical
SSLs at Terrigal-Wamberal, Sawtell and Cape Byron drive a northward potential sand transport rate of
6,500, 5,000 and 3,000 m3/hr, respectively.

Overall, along the entire NSW coast, SSLs, ITLs and STLs enhance the headland ‘sand valve’, promote connectivity
in the regional longshore sediment transport, and maintain a shoreline planform in dynamic equilibrium, whereas
in northern NSW, ETLs (the most frequent and longest duration extreme storms (with peak storm Hs> 5 m)) reduce
connectivity, potentially turn off the ‘sand valve’, and episodically reverse the net northward sand transport.

5.2. Storm Type Control on the Headland Bypassing Mechanisms
Immediately downdrift of headlands, the dynamic stability and planform geometry of the bay-beach
(‘southern hook of planform’) shoreline and upper shoreface bathymetry are dependent upon mean and
storm wave obliquity, headland bypassing frequency, longshore sand supply, and the bypassing pathway
or mechanism. The observed headland-bypassing mechanisms are discussed in Goodwin et al. [2013] and
include: (i) headland-attached, rip-head leakage bypassing on the upper shoreface between swash-aligned
embayments [Short, 1999]; (ii) headland-attached bar bypassing along obliquely aligned coasts [Zenkovich,
1967; Short, 1999; Siveira et al., 2011; Acworth and Lawson, 2012]; (iii) downdrift, shoreface strand-bypassing
along obliquely aligned coasts [Smith, 2001], also known as cross-embayment bypassing at an angle of
�608 from the diffraction point to the embayed, downdrift shoreline [Goodwin et al., 2013]; and (iv) offshore
rip leakage to headland-attached sand bodies on the lower shoreface and inner shelf [Ferland, 1990].

To investigate the relationship between different storm types, headland bypassing and the stability of bay-beach
shorelines, we modeled the spatial wave power gradient for the Terrigal-Wamberal (closed-leaky), and Byron Bay
(open) embayments (Figure 11). The 5 kW/m contour (determined from wave modeling) was used to illustrate sand
bypassing pathways under different storm types. The 5 kW/m contour was chosen as it best matched bypassing path-
ways and isobaths produced under different directional wave regimes observed at Byron Bay [Goodwin et al., 2013].

SSL storm waves produce a wave power gradient in the lee of the headland, where the 5 kW/m contour
describes the approximate location of the oblique, strand-bypassing pathway across the upper shoreface,
and landward of this contour the upper shoreface and shoreline is protected from high storm wave power.
In contrast, the ETL storm waves: (i) produce a quasi, shoreline parallel 5 kW/m contour within the surf zone,
exposing the embayed coast to high storm wave power; (ii) eliminate the strand-bypassing pathway; (iii)
reduce the efficiency of the headland-attached bar bypassing pathway; and, (iv) enhance the rip leakage of
sediment from the littoral system to headland-attached offshore sand bodies on the lower shoreface. The
processes associated with ETL storm events are an important factor in forcing shoreline recession trends on
drift-aligned compartments that are manifest in increasing planform curvature, toward a static equilibrium
planform when sand supply into the compartment approaches zero (after Hsu and Evans [1989]).

5.3. Implications of a Poleward-Shift in Storm Type Distribution Under Tropical Expansion on Future
Regional Longshore Sand Transport
Both surface and upper atmospheric measurements of the extent of the tropics has identified robust pole-
ward trends in the widening of the Hadley Cell and expansion of the Tropics. These indicators include the
poleward shift of the STR or intensification of the Subtropical Anticyclone in the East Australian region
[Timbal and Drosdowsky, 2012], an intensification of the tradewinds [Seidel et al., 2008, England et al., 2014]
and a poleward contraction of the midlatitude westerlies [Marshall et al., 2003; Arblaster et al., 2011]. In the
past decade, the shift toward the La Ni~na-like state of the Pacific Decadal Oscillation and Interdecadal
Pacific Oscillation [Allen et al., 2014] has enhanced the tradewind intensification, and may be contributing
to the recent Tropical Expansion trend (during La Ni~na the tropics widen by �1 to 28 compared to El Ni~no
years [Lucas et al., 2014]). The Tropical Expansion trend is most apparent during the equinoxes, which is of
significance because of the warm season (late summer to autumn) occurrence of high magnitude ETLs
along the north coast NSW. A signature of recent and near-future climate change is an increased frequency
of easterly and north-easterly trade-wind generated waves replacing the regular propagation of Southern
Tasman and Southern Ocean swell waves [Hemer et al., 2013; Mortlock and Goodwin, 2015].

In the 21st century, mean wave climate along the SEAS is predicted to rotate anticlockwise with tropical
expansion and a poleward intensification of the westerlies with no significant change in annual net wave

Journal of Geophysical Research: Oceans 10.1002/2016JC011769

GOODWIN ET AL. STORM WAVE TYPE AND LONGSHORE TRANSPORT 4849



power [Mortlock and Goodwin, 2015]. The
poleward expansion of the tropics, meas-
ured by either the mean Southern
Hemisphere-STR latitude or the surface
precipitation minimum, indicate a rate of
0.2 to 0.58 latitude per decade since 1979
(�0.6 to 1.58 total [Lucas et al., 2014]). A
further poleward expansion of the tropics
by �1 to 28 is projected during the 21st

century [Lucas et al., 2014]. There is con-
siderable regional variability in the esti-
mates of tropical expansion across the
Southern Hemisphere. Accordingly, we
investigated the impact of a generalized,
2–2.58 poleward expansion of the Tropics
(since �1979) on storm type distribution
and impacts for headland bypassing and
regional longshore sand transport.

A 2 to 2.58 poleward shift in the STR
would result in a comparable latitudinal
shift in the location of storm generation
and wave propagation patterns, shown in
Figures 5 and 6 for the present. Under this
scenario, there could be an increase in
ETL/AI-generated storm waves in the Cen-
tral to Northern Tasman Sea. Whilst previ-
ous studies using GCM projections such
as Dowdy et al. [2014] and Abbs and
McInnes [2004] indicate a decline in East
Coast Low storm events later this century,
there remains the risk of an increase in

infrequent but high magnitude storm wave events such as ex-TC, autumn to early winter ETLs forming at
more southerly latitudes, and an increase in AI.

To simulate a 2 to 2.58 poleward shift in the subtropics, we used a similar logic to that described in Mortlock
and Goodwin [2015] for the poleward migration of modal wave climate, by suggesting that modern storm
wave parameters from more northerly buoys can be used as surrogate data to project future storm wave
impacts at higher latitudes. For example, modern storm wave parameters recorded at Coffs Harbour (mid-
North coast) may be a suitable surrogate for future storm waves parameters in the Sydney region (Central
coast), �2.58 latitude to the south. Accordingly, we refracted the present-day offshore storm wave parame-
ters for the ETL and SSL types as measured at the Byron Bay buoy (North coast) for the Sawtell location
(mid-North coast) using MIKE21 SW, and similarly, the present-day offshore storm wave parameters as
measured at the Coffs Harbour buoy were refracted for the Terrigal-Wamberal location. The projected
changes to storm-driven longshore sand transport are shown in Figure 12.

On the Central Coast at Terrigal-Wamberal, we simulate future longshore sand transport rates for an ETL
event to drive a net southward transport of 4,600 m3/hr at the storm-peak, rather than the present north-
ward transport rate of 8,400 m3/hr. To compound the transport reversal for ETL events, there is a 30%
reduction in the net northward transport rates for SSL events. There is no change in the longshore sand
transport rate for STLs (4,500 m3/hr) compared to present. At Sawtell, there is no change in future longshore
sand transport rates for an ETL. The rate for a typical SSL at Sawtell will increase by 16% to 5,800 m3/hr but
will be associated with a 40% decrease in northward transport from STLs. Hence, we simulate a reduction in
the magnitude of episodic headland sand bypassing during ETL and SSL storm events along the Central
Coast of NSW, and slightly increased for SSL/ITL storm events and reduced for STL events along the mid-
North Coasts, for a �2.58 poleward shift of the STR. However, in both cases, an increase in the frequency of

Table 4. Nearshore Storm-Peak Wave Parameters, Wave Obliquity, and Long-
shore Transport Rates (at � 5 m Depth) for the Present-Day Most Frequent
Storm Types at the Three Study Sitesa

Nearshore
Hs (m)

Nearshore
MWD (8)

a
(8)b

Q (m3/
h)b

Terrigal-Wamberal (Present-Day)
ETL 4.7 117 7 18400
ITL 3.8 119 9 16300
SSL 3.7 120 10 16500
STL 3.3 119 9 14400
Terrigal-Wamberal (Future Scenario)
ETL 4.6 106 24 24600
ITL 4.0 115 5 14000
SSL 3.9 116 6 14500
STL 3.5 118 8 14500
Sawtell (Present-Day)
ETL 3.5 122 22 21200
ITL 3.2 134 10 14600
SSL 3.1 136 12 15000
STL 2.9 139 15 15200
Sawtell (Future Scenario)
ETL 3.3 122 22 21000
ITL 3.0 139 15 15600
SSL 2.9 141 17 15800
AI 2.9 133 9 13200
Byron Bay (Present-Day)
ETL 3.2 105 27 23200
ITL 2.8 121 9 12900
SSL 2.7 122 10 13000
AI 2.7 117 5 11500

aPresent-day storm conditions at Byron Bay (Sawtell) were used as a surro-
gate for the Sawtell (Terrigal-Wamberal) compartment to represent a future
southerly shift in storm wave climate with a 2 to 2.58 expansion of the
tropics.

bThe nearshore wave obliquity, a, is positive (negative) if clockwise (anti-
clockwise) of shore-normal, so that Q is positive (negative) for northward
(southward) longshore transport. Given the sensitivity of Q to small errors in
Hs and a, values are indicative only and rounded to the nearest 100 m3.
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ETL events with a 2 to 2.58 poleward shift in the subtropics would lead to a significant net southward sand
transport component.

Since the strike of the shelf along the south-east Queensland coast (Brisbane Buoy) receives significantly less
storm wave energy from SSLs, the application of the Brisbane Buoy data as surrogate data for future Byron
Bay storm wave climate is not straight-forward. However, in accordance with the seasonal difference in
summer and winter STR (�48 latitude) and wave climate at Brisbane and Byron Bay, we infer from the relative
frequency of each storm type between buoy locations that a 60% reduction in SSL driven longshore transport,
together with and at least�5% increase in ETL driven net southward longshore transport events, is most plau-
sible. The combined impact of these changes to the storm wave climate in northern NSW is a significant pro-
jected reduction in northward longshore sand transport and in the efficiency of headland bypassing events.

6. Conclusions

The decomposition of Tropical Cyclone and East Coast Low storms into synoptic types is a necessary first step to
determine the impact of a changing climate on storm-driven longshore sand transport along the Southeast Aus-
tralian Shelf. The results show that tropical origin storms (ETL, AI, TC and TL) produce a shore-normal propagation
pattern along the SEAS, whilst the extratropical origin storms (STL/SSL/CL) and the hybrid storms (ITL) produce a
shore-oblique propagation pattern from the Southern Tasman to the Coral Sea. The directional obliquity (clock-
wise of shore-normal orientation) of the extratropical origin waves (STL/SSL/CL) is an important control on the
connectivity of regional longshore sand transport through episodic major headland bypassing events between
compartments, and the maintenance of down-coast coastlines in dynamic equilibrium. In contrast, the direction
of tropical origin waves (ETL/AI/TC/TL) is shore-normal or anticlockwise of shore-normal, and reduces the connec-
tivity through minor headland bypassing events or episodically reversing the net northward transport.

Future climate change projections indicate that the recent trend in the expansion of the latitudinal extent of the
tropics (defined at the surface by the latitude of the STR) in the south-west Pacific region will continue through-
out this century. This will lead to a latitudinal shift in the synoptic type of storm wave generation and propaga-
tion. We find that a 2.58 poleward migration of the STR (as projected in some GCMs) may result in the SEAS
experiencing a significant change in both the magnitude and alongshore direction of the potential longshore
sand transport rate for each major storm type along the NSW coast. On the Central Coast, we project a reversal

Figure 12. Conceptual representation of present-day and future storm-driven longshore sand transport along the SEAS for ETL and SSL/
STL storm events in response to a 2–2.58 poleward tropical expansion scenario. Black (yellow) arrows represent the present-day (future)
direction and magnitude of longshore sand transport for typical ETL and SSL storms.
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in the direction of ETL driven longshore sand transport rates of �150%, with a further �30% reduction in the
potential net northward longshore sand transport associated with changes to SSL storms. North of Coffs Har-
bour to southeast Queensland, we project a 40% reduction in northward longshore sand transport rates for
SSL/STL events, together with at least a �5% increase in reversed (net southward) longshore sand transport for
ETL events, north of Coffs Harbour to southeast Queensland. There is the potential for northward sand transport
rates along the central to mid-North coast from SSL/ITL events to be un-changed. Overall, a projected latitudinal
shift in synoptic storm events could lead to a significant reduction in net northward longshore sand transport
and the efficiency of headland bypassing events. The potential byproduct of these impacts will be planform
recession and increased curvature toward the limiting static equilibrium planform (after Hsu and Evans [1989]).

There remains the possibility for a net reversal (reduction) of the East Australian Longshore sand transport sys-
tem north (south) of �298S as a combined result of the anticlockwise rotation in the mean wave field,
together with the projected increase in ETLs and decrease in SSLs. There is prior evidence for such a decline
or ‘turning-off the sand valve’ of the connected Australian longshore sediment transport system during the
previous Quaternary Interglacials with shifts to a dominant tradewind generated wave climate during the Last
Interglacial. Our results are also directly applicable to investigating the potential changes along the other
Southern Hemisphere east coasts, particularly along the Southern Brazil and Natal to Mozambique regions.
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