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a b s t r a c t

Despite Australia having one of the most abundant offshore wave energy resources globally, there re-
mains a lack of understanding of how this offshore resource extends into the coastal zone where most
wave energy converters would be deployed. We used the phase-averaged wave model SWAN to simulate
38 years (1980e2017) of wave conditions near Albany, Western Australia, which has been proposed as a
future commercial wave energy development site. The nearshore (30m depth) wave resource varied
seasonally and interannually with the wave energy flux and meanwave direction negatively correlated to
the phase of the Southern Annular Mode (SAM) and positively correlated to the latitudinal position of the
subtropical high-pressure ridge. As a result, the observed positive trend in SAM over recent decades may
cause a decrease in nearshore wave energy (including fewer storm events) and an anti-clockwise (more
southerly) rotation in wave direction. These changes may facilitate wave energy development and
extraction by reducing the number and magnitude of extreme events during which wave energy cannot
be extracted and equipment can be damaged. The interannual fluctuations in the wave resource can be
significant and should be considered during the site selection for wave energy projects.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Australia is widely recognized as having an abundant wave
energy resource due to the proximity and exposure of Australia's
south coast to Southern Ocean swell [1,2]. The vicinity of the
Southern Ocean makes Australia, and specifically the southern
coast of Australia, one of the largest potential wave energy re-
sources globally (Fig. 1) [2e4]. In recognition of this significant
resource, the Australian government has recently made significant
investments into wave energy development [4]. However, previous
resource assessments (both national and regional) have been con-
strained by relatively low spatial resolutions and/or coverage [4],
and are therefore, unable to resolve the wave transformations that
govern nearshore wave climates in sufficient detail to quantify the
wave energy resource for specific development sites.
and UWA Oceans Institute
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Characterization of wave energy resources can be done at a
range of temporal and spatial scales to meet the variety of interests
across a range of stakeholders (e.g. developers, consumers, etc.),
including: (1) reconnaissance, (2) feasibility, and (3) design-scale;
with each successive level requiring more detailed information
[5]. The Centre for Australian Weather and Climate Research
(CAWCR), a collaboration between the Commonwealth Scientific
and Industrial Research Organisation (CSIRO) and the Australian
Bureau of Meteorology (BOM), have produced a national-scale, 31-
year hindcast dataset (1979e2010) designed to deliver the infor-
mation needed for reconnaissance-level resource assessments as
well as provide the boundary conditions for the higher-resolution
numerical models needed to conduct feasibility and design-scale
resource assessments [4]. The CAWCR hindcast is continually
updated (now 1979e2018, typically delayed ~1e2 months) [6] and
thus, provides an opportunity to conduct detailed resource as-
sessments and long-term wave climate analyses for locations all
around Australia.

The Albany region of Western Australian has been targeted as a
site for future development of wave energy; however, there is a
significant knowledge gap pertaining to the nearshore wave
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Fig. 1. Global mean annual wave energy flux (kW m�1) calculated from the CAWCR
reanalysis product from 1980 to 2017. The black asterisk denotes the study area near
Albany, Western Australia.

M.V.W. Cuttler et al. / Renewable Energy 146 (2020) 2337e23502338
climate and wave energy resource along the southern Australian
margin. Previous wave resource assessments [4,7,8] and wave
climate studies [9,10] have included this region, yet they have been
conducted at large spatial scales (e.g. kilometres) and thus have
lacked the high-resolution data needed to accurately predict the
nearshore wave climate at specific locations along the southern
Australian coastline. To provide the most useful information for
device design and feasibility of large-scale wave energy production
to prospective wave energy developers, these coarse offshore ob-
servations need to be transformed to the nearshore, where most
devices will be deployed, to quantify the wave resource and its
variability.

Herewe present an analysis of the local wave climate incident to
a site near Albany, Western Australia with specific emphasis on the
implications for development of renewable wave energy. We used
the CAWCR hindcast dataset to force a third-generation numerical
wave model (Simulating WAves Nearshore, SWAN) over a 38-year
hindcast (1980e2017) to quantify the seasonal and interannual
variability in the nearshore wave climate and wave energy
resource. These results were compared to relevant climate indices
(e.g. Southern Annular Mode, subtropical high-pressure ridge,
Southern Oscillation Index) to understand their relationship to the
long-term nearshore wave climate variability and how this could
impact the potential wave energy resource.

2. Methods

2.1. Study area

The study site is located at Torbay in the Albany region of
Western Australia (WA), ~415 km southeast of Perth (Fig. 2). Torbay
is a south-western facing embayment that is directly exposed to
incident wave energy from the Southern Ocean (SO). The wave
climate along the WA coastline is dominated by three major at-
mospheric systems: the SO storm belt [10,11], the subtropical high-
pressure ridge [12,13], and a local sea breeze system [14].

The SO storm belt (or the ‘roaring forties’) is characterised by
strong westerly winds and a long fetch that generates eastward
traveling swells. The fluctuating position of the SO storm belt has
been shown to influence the variability of the wave heights and
wave directions along the southern Australian coastline [9,10]. The
position of the SO storm belt is closely correlated to the latitudinal
position of the subtropical high-pressure ridge (STRP; a band of
high pressure in the mid-latitudes of the Southern Hemisphere),
which can influence local rainfall [15] and regional wave climate
[13]. The seasonal northward shift in the STRP in winter is typically
associated with larger waves as the northward position allows
westerly fronts from the SO storm belt to impact the WA region
[12,13]. At a more local, nearshore scale, the WA region is impacted
by diurnal sea breeze cycles in the summer months that have been
shown to influence to the seasonal morphodynamics of WA bea-
ches [14,16].
2.2. Wave model

The wave climate at Torbay was assessed through a 38-year
hindcast (1980e2017) using the numerical wave model SWAN.
SWAN is a 3rd-generation, phase-averaged wave model that solves
the wave action balance equation without restrictions on spectral
evolution due to wind growth [17]:

d~N
dt

þ dcl ~N
dl

þ dc4 ~N
d4

þ dcs ~N
ds

þ dcq ~N
dq

¼ Stot
s

(1)

where the first term on the left-hand side represents the rate of
change of the action density (~N) in time (t). The next two terms
represent the propagation of action density in space (Cartesian or
spherical coordinates), where cl and c4 are the propagation velocity
in l- and 4-space. The last two terms represent the spectral evo-
lution of wave frequency (s) and wave direction (q), respectively,
due to bathymetric variability and currents, where cs and cq is the
propagation velocity in s- and q-space [17,18]. The right-hand side
of Equation (1) represents all physical processes that can generate,
dissipate, or redistribute wave energy:

Stot ¼ Swind þ Snl3 þ Snl4 þ Sfric þ Sbrk þ Swcap (2)

These processes include local wind growth of waves (Swind),
nonlinear triad (Snl3) and quadruplet (Snl4) wave-wave interactions,
and wave dissipation due to friction (Sfric), depth-induced breaking
(Sbrk), and white capping (Swcap).

Three nested domains of varying resolution (500� 500m,
165� 165m, 50m� 50 m; Fig. 2b and c) were used to simulate the
propagation of waves from deep water to the proposed develop-
ment site in 30m depth (approximately 1.2 km offshore). Model
bathymetry was derived from all available sources including: 50m
resolution multibeam national grid of Australia [19], spot sounding
surveys collected by the Australian Hydrographic Office (AHO;
chart AUS00118), and 3m resolution bathymetric LiDAR (Fugaro
LADS). When combining bathymetric datasets, preference was
given to the LiDAR data (for depths less than 30m), followed by the
AHO data (due to spatial coverage in depths between 30m and
300m), and finally, the Geoscience Australia multibeam data was
used for all depths greater than 300m. All bathymetric data were
referenced to the Australian Height Datum (AHD, approximately
mean sea level).

SWAN was forced at the boundaries by hourly two-dimensional
spectra derived from the CAWCR global wind-wave hindcast [4].
The CAWCR reanalysis is a WaveWatch III [20] wave model forced
by Climate Forecast System Reanalysis (CFSR) wind data (0.3-
degree resolution), that has been optimized for the Australian
and South Pacific regions [4,21]. There exist some known biases in
the upper percentile CFSR winds in the Southern Hemisphere
during the early part of the CAWCR record (i.e. pre-1993), which
can cause over-prediction of wave heights (~0.3m) in the Southern
Ocean [21e23]. However, these biases have not been reported to
skew previous resource assessments for other parts of Australia
[4,24] or assessments of climate variability on global surface waves
[25] that have used the CAWCR hindcast dataset.

The frequency and directional domains in SWAN were dis-
cretised into 43 logarithmically spaced frequency bands between
0.04 and 0.6 Hz, and 108 equally spaced directional bins (i.e. ~3�).



Fig. 2. (a) Western Australia (WA) with Perth and Albany indicated. (b) Overview of the study area and numerical model domains (yellow dashed lines), including the outer-most
domain (500� 500m resolution), inner domain (165� 165m resolution), and nearshore grid (50� 50m resolution). (c) Nearshore bathymetry highlighting the complex features
(e.g. submerged and exposed islands). In (b) and (c), the WA Department of Transport directional wave rider buoy is denoted by an asterisk (60m depth) and development site and
location of AWAC (30m depth) denoted by ‘x’. In (b), the location of the deep water site (~350m depth) used for assessing offshore wave climate is denoted by the triangle. (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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The directional resolution was set to account for the refraction of
waves around the various headlands and shoals common across the
study area (Fig. 2). Hourly winds at 10m above the sea surface were
also extracted from the gridded CAWCR outputs (~7 km resolution)
and applied to the local SWAN domains. The relatively high tem-
poral and spatial resolution of the wind forcing was needed to
capture both the local generation of wind waves and the diurnal
variability in local winds common around Western Australia [14].
Frictional dissipation (Sfric), was modelled using the default value
for swell-dominated seas of 0.038 [26], and dissipation due to
white-capping (Swcap), was modelled following van der West-
huysen [27]. Non-linear triad (Snl3) and quadruplet (Snl4) wave-
wave interactions were included using the default settings
[28,29]. Non-stationary SWAN simulations were runwith a 30-min
time step for the entire time period using the hourly forcing con-
ditions described above. Data was output every hour and included
significant wave height (Hsig), mean period (Tm), mean wave di-
rection (Dm), the horizontal components of thewave energy flux (Ex
and Ey), and the two-dimensional spectra at locations corre-
sponding to observational data. These parameters are calculated
directly from wave spectra (E(s,q)) output by SWAN as:

Hsig ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∬ Eðs; qÞdsdq

q
(3)

Tm ¼ 2p
∬ Eðs; qÞdsdq
∬ sEðs; qÞdsdq (4)
Dm ¼ 180
p

tan�1
�ð

sinðqÞEðs; qÞdsdqð
cosðqÞEðs; qÞdsdq

�
(5)

Ex;y ¼ rg∬ cx;yEðs; qÞdsdq (6)

Emag ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2x þ E2y

q
(7)

2.3. Model output analysis

The model was validated against a Datawell Mark III directional
waverider buoy in 60m depth (July 2005 to present; maintained by
Western Australia Department of Transport, DoT) and a Nortek
AWAC deployed at 30m depth (December 2017 to March 2018).
Although we only utilize model data from January 1980 to
December 2017 to avoid incomplete years, we simulated wave
conditions through toMarch 2018 to provide comparison data with
the AWAC that was deployed at the nearshore development site.
Model accuracy was assessed by calculating the bias, root-mean-
square-error (RMSE), and Murphy (1988) skill score defined as:

skill¼1�
PN

i¼1ðXmod � XobsÞ2PN
i¼1

�
Xobs � Xobs

�2 (8)
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where Xmod and Xobs are the modelled and observed variables of
interest, respectively, and overbars represent time averaging over
the length of the time series with N samples. A skill of 1 indicates
perfect agreement, 0 indicates the model predictive ability is
equivalent to using a mean of the observations, and a skill less than
0 indicates the predictive ability is worse than using a mean of the
observations. Here, we consider 0.0< skill<0.5 to represent “mod-
erate” skill scores, with “high” and “poor” skills for higher and
lower scores, respectively [30,31].

Monthly means of the hourly output were used to calculate
seasonal and annual wave parameters. Seasons were defined based
on the austral summer (December, January, February; DJF), autumn
(March, April, May; MAM); winter (June, July, August; JJA); and
spring (September, October, November; SON). We also report sea-
sonal anomalies which are calculated relative to the seasonal
climatology (e.g. winter anomaly is relative to average of all winters
for the 38-year hindcast period) and consider variability as the
standard deviation of the variable in question.

As extreme wave events ultimately determine wave energy
device survivability (and hence design conditions), we isolated
individual storm events from the time series of model-derived
wave heights. Storms were identified using a peaks-over-
threshold method [32]. The threshold wave height was selected
as the largest wave height where the mean residual life plot was
approximately linear [32,33]. The storm wave height record was
then extracted from the total wave height record by isolating wave
peaks that were above the designated wave height threshold (6m,
see below) and separated from previous peaks by at least 24 h,
similar to previous analyses of extreme waves along the WA
coastline [10,12,13,33]. A Generalized Pareto Distribution (GPD) was
then fitted to the storm wave dataset to estimate extreme wave
heights associated with annual recurrence intervals (ARI) of inter-
est (e.g. 1, 5, 10, 50, 100 year ARI) [32,33]. Bootstrap confidence
intervals for the GPD fit were calculated using 1000 random sam-
ples with replacement of the individual storm events described
above [34].

2.4. Climate indices

Several climate indices have been identified as potential drivers
of wave climate variability along the southern Australian coastline,
and more specifically, the south Western Australian coastline.
These have included the Southern Annular Mode (SAM) [9,10,25],
the position and intensity of the subtropical high-pressure ridge
(STRP) [13], and the Southern Oscillation Index (SOI) [9,35]. Below,
we provide a brief description of each climate index and how it was
used in this analysis.

2.4.1. Southern Annular Mode (SAM)
The SAM, or Antarctic Oscillation, is the zonally symmetric

mode of variability in the Southern Hemisphere and arises through
an oscillation of air masses between �45 and �60� latitude [36].
The SAM has been linked to storm variability in the Southern
Hemisphere that influence both land (e.g. rainfall) and wave cli-
mates [2,25,37]. Fluctuations of the SAM from positive to negative
phase are associated with the shifting position of the SO storm belt,
with positive SAM indicating a southward shift and negative SAM
indicating a northward shift of the storm belt. The shifting position
of the SO storm belt (and hence SAM phase) has been shown to
directly influence both the wave heights and direction of SO-
generated swells, with positive SAM driving a decrease in wave
heights and counter-clockwise rotation of wave directions along
the Australian coastline [9,25]. Daily records of the SAM index were
retrieved from NOAA's Climate Prediction Centre (CPC) from 1980
to 2017 (http://www.cpc.ncep.noaa.gov/products/precip/CWlink/
daily_ao_index/aao/aao_index.html). CPC daily SAM values were
averaged to monthly values and then seasonal and annual averages
were calculated from the monthly means.

2.4.2. Southern Oscillation Index (SOI)
The SOI reflects the fluctuation of the El Nino/Southern Oscil-

lation (ENSO) across the Indo-Pacific region. ENSO is a key predictor
of climate in the Pacific as well as wave climates in the Southern
Ocean and Australia [10,38]. The SOI is based on the normalised
mean sea level pressure difference between Tahiti and Darwin
[39,40], with positive values indicating La Nina conditions
(increased strength of Pacific trade winds) and negative phases
indicating El Nino conditions (decreased strength of Pacific trade
winds). Around Western Australia in particular, the SOI has been
associated with variability in rainfall, mean sea level, ocean current
strength (e.g. Leeuwin Current), and sea level [41e43]. Monthly
mean SOI values were retrieved from the Australian Bureau of
Meteorology (BOM; http://www.bom.gov.au/climate/current/soi2.
shtml) and were used to calculate seasonal and annual means.

2.4.3. Subtropical high-pressure ridge position (STRP) and intensity
(STRI)

The subtropical high-pressure ridge is a band of anticyclones
(high pressure systems) in the mid-latitudes that forms due to
descending branch of the Hadley Cell near 30� latitude [44]. The
subtropical ridge position (STRP) and intensity (STRI) vary
seasonally, with equatorward (north) migration during austral
autumn/winter and poleward (south) migration during austral
spring/summer [44]. Seasonal variability in STRP and STRI has also
been linked to SAM phase [45]. For example, southward shifts in
STRP correspond to positive SAM and increased high pressure
systems over Western Australia that can block westerly fronts
generated in the Southern Ocean [13]. Recently, STRP and STRI have
been shown to be key drivers of thewave climate along thewestern
coast of Western Australian (i.e. greater Perth region) [13].
Following Wandres et al. (2018), the STRP and STRI were calculated
from the monthly mean sea level pressure (MSLP) fields from the
European Centre for Medium Range Forecasts (ECMWF) ERA-
Interim data. Monthly STRP and STRI were defined as the latitude
and value of the maximum MSLP between 108� to 112� E and �10�

to �44� S. Monthly values were then used to calculate seasonal and
annual values of both the STRP and STRI.

3. Results

3.1. Model validation

Overlapping time points were extracted from the observational
(wave buoy and AWAC) and model records and compared. There
exist numerous data gaps of varying lengths (e.g. hours to multiple
days) within the DoT buoy record; however, instead of attempting
to fill these gaps (e.g. [33]), they were excluded from the analysis as
a complete and continuous time series was not needed for model
validation. Extracting overlapping time points between the SWAN
simulations and the DoT buoy and AWAC observations yielded
102,329 h and 1091 h, respectively, for comparison.

SWAN was able to reproduce the wave conditions measured by
the DoT buoy and the AWAC with moderate to high skill for all
variables of interest (Hsig, Tm, Dm; Fig. 3). There was a slight over-
prediction of Hsig at both instrument sites (bias¼ 0.21m), and a
tendency towards over-predicting small wave heights, but under-
predicting large wave heights at the DoT buoy (Fig. 3a). This
under-prediction of the largest waves is attributed to the CAWCR
hindcast (i.e. the boundary conditions) and is likely related to
under-predictions of the upper-most percentile wind speeds

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao_index.html
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao_index.html
http://www.bom.gov.au/climate/current/soi2.shtml
http://www.bom.gov.au/climate/current/soi2.shtml


Fig. 3. Model validation at the Department of Transport wave buoy (60m depth; July 2005 to present) for (a) significant wave height and (b) mean wave period. And comparison at
the proposed development site (AWAC in 30m depth; December 2017 to March 2018) for (c) significant wave height, (d) mean wave period, and (e) mean wave direction.
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derived from CFSR winds [21]. Tm was over-predicted at the DoT
buoy (bias¼ 0.51 s) but under-predicted at the AWAC
(bias¼�1.32 s). Tm at the AWAC tended to be over-predicted for
shorter period waves, but under-predicted for the longest period
waves (Fig. 3d). The source of these errors is unclear as the bias in
Tm could be due to various factors including inaccuracies in SWAN's
estimation of the evolution of the wave spectrum across the shelf
(i.e. non-linear energy transfers), differences in how Tm was
calculated onboard the DoT buoy versus how the AWAC was pro-
cessed causing the bias to be larger at the AWAC, or there could be
some inaccuracies in our derived bathymetry product. There was a
small over-prediction of Dm at the AWAC (bias¼ 2.26�) that was
greater whenwaves were from a more southerly direction (Fig. 3e).
There is no directional comparison possible for the DoT buoy
Fig. 4. Joint occurrence distributions for significant wave height and (a) mean period and (b
hourly SWAN output from 1980 to 2017.
because the two-dimensional spectra data was unavailable from
the wave buoy and mean wave direction for the total frequency-
directional domain is not calculated by DoT. Although DoT does
report peak wave direction (Dp) for ‘sea’ and ‘swell’ frequency bins,
specific values of Dp depend on the binning of the directional
domain, and therefore may mis-represent model accuracy. Finally,
given the skill of Dm at the AWAC location and previous validation
of wave directions from the CAWCR hindcast [21], no further
assessment of wave direction at the DoT buoy was conducted.

3.2. Annual and seasonal wave climate and extreme waves

The wave climate at the development site (calculated from the
hourly output for the 38-year simulation) was dominated by waves
) mean direction at the nearshore development site location (30m depth) based on the



Fig. 5. (a,b,c): Monthly (grey line) and annual (black dashed line, 5-year moving average) means of (a) significant wave height, (b) meanwave period, and (c) meanwave direction at
the proposed development site. (d,e,f): Seasonal means (5-year moving average) of (d) significant wave height, (e) mean wave period, and (f) mean wave direction. (g,h,i): Seasonal
anomalies (5-year moving average) calculated from the 38-year seasonal climatology for (g) significant wave height, (h) mean wave period, and (i) mean wave direction. For
seasonal means, blue represents austral summer (December, January, February), red represents autumn (March, April, May), green represents winter (June, July, August), and black
represents spring (September, October, November). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. (a) Extreme value analysis at the shallow water (30m) development location. Extreme values were calculated using a peaks-over-threshold method, with a threshold of 6m
and de-clustering time interval of 24 h. A Generalized Pareto distribution (GPD) was fit using the maximum product of spacings method with total number of ‘extreme events’ of
104. 95% bootstrap confidence intervals were calculated from 1000 random samples (with replacement) of the extreme event dataset. Joint occurrence distributions of extreme
wave heights and (b) mean period and (c) mean direction for all identified storm events. (d) Distribution of storm events (n¼ 104) across the 38-year hindcast (colours indicate
number of storms for given month and year); bold numbers on top of panel indicate total number of storm events for corresponding year. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

M.V.W. Cuttler et al. / Renewable Energy 146 (2020) 2337e23502342
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with Hsig¼ 2e3m, Tm¼ 8e10 s, and Dm¼ 200o-210� (Figs. 4 and 5).
Seasonally, summer waves were the smallest (mean¼ 2.15m) and
least variable (standard deviation¼ 0.14m), whereas winter waves
were the largest (mean¼ 2.98m) and most variable (standard de-
viation¼ 0.20m) (Fig. 5b). Dm was more westerly in winter and
spring (mean¼ 209� and 208�, respectively) and more southerly in
summer and autumn (mean¼ 204� and 205�, respectively)
(Fig. 5h). Although summer Hsig was the least variable of any sea-
son, summer Dmwas the most variable (standard deviation¼ 3.2�),
with wave events occurring from their most southerly directions
(Fig. 5h). Tm also varied seasonally with the smallest values occur-
ring in summer (mean¼ 8.9 s) and the maximum values in winter
(mean¼ 10.5 s) (Fig. 5e). Fluctuations in seasonal wave height and
mean period anomalies (i.e. positive or negative anomalies)
occurred during the same year and were of the same magnitude
regardless of season (Fig. 5c and f). Meanwave direction anomalies,
however, were out of phase between seasons, with winter wave
direction anomalies tending to be more southerly (negative
anomaly) when summer direction anomalies were positive (more
Fig. 7. (a) Annual (5-year moving average), (b) seasonal (5-year moving average), and (c)
indicates ±1 standard deviation of the monthly average wave energy flux (solid black line

Table 1
Annual and seasonal means and variability of wave energy resource (mean± 1 sta
and a location directly offshore of the nearshore location (‘deep water’¼ 350m).

Deep Water Wave Energy Flux (kW

Annual 65.3± 8.7
Summer (DJF) 37.7± 6.9
Autumn (MAM) 59.3± 10.3
Winter (JJA) 95.1± 14.3
Spring (SON) 69.7± 12.4
westerly) (Fig. 5i).
Extreme wave events at the development site were isolated

from thewave record using a thresholdwave height of 6m, yielding
a total of 104 unique events across the 38-year record (Fig. 6). The 1,
5, 10, 50, and 100 ARI were estimated to be 6.6m, 7.4m, 7.8m,
8.5m, and 8.7m, respectively (Fig. 6a). Annually, the total number
of storms followed a similar pattern to the annual Hsig and Hsig

anomaly (Fig. 5a and c, respectively), with peaks in total number of
large wave events occurring in the early 1990s and again between
2008 and 2010 (Fig. 6d). The total annual number of large wave
events varied between 0 and 9 with an average of ~3 storms per
year. The stormiest months were July, August, and September,
although all months of the year recorded at least one storm event
between 1980 and 2017 (Fig. 6d). Large wave events were pre-
dominantly from 210� (i.e. similar to modal wave direction);
however, there were also several events from a southerly direction
(Fig. 6c) which tended to occur during summer months. There was
an increasing number of large wave events occurring in August and
September later in the record (i.e. after 2005; Fig. 6d).
monthly variability of wave energy flux at the development site. Grey shading in (c)
in (c)).

ndard deviation) for the proposed development site (‘shallow water’¼ 30m)

/m) Shallow Water Wave Energy Flux (kW/m)

47.2± 5.9
29.7± 5.1
44.4± 7.4
65.3± 9.5
49.8± 7.7
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3.3. Wave energy resource

The wave energy flux (Emag) incident to Torbay displayed
monthly, seasonal, and interannual variability (Fig. 7; Table 1). The
annual wave resource at the development site varied between 40
Table 2
Correlation values (r) for relationships between wave energy flux or mean wave directio
depth) water. Bold text indicates significant relationships for the significance threshold p

Deep Water

Emag_anomaly Dm_anomaly

Annual Seasonal Annual Seaso

STRPanomaly 0.46 0.39 0.65 0.60
SAM 0.38 0.21 0.29 0.43
SOI 0.14 0.06 0.45 0.31

Fig. 8. (a) Spatial distribution for the mean annual wave energy flux and vectors calculated
site is marked by black 'x' and 30m depth contour plotted as black solid line. (b) Mean ann
development site). Grey shading indicates ±1 standard deviation. (c) Seasonal mean wave en
spring (black). Coloured shading indicates ±1 standard deviation for the corresponding sea
references to colour in this figure legend, the reader is referred to the Web version of this
and 60 kW/m (mean 47.2 kW/m; Table 2), with peaks in 1989/1991
and 2015 (Fig. 7a). Winter was consistently the most energetic (and
most variable) season across the modelled time period, with the
energy flux nearly double that of the summer months (Fig. 7b;
Table 2). Monthly average wave power varied from ~30 kW/m in
n and seasonal or annual climate indices in deep (350m depth) and shallow (30m
< 0.1.

Shallow Water

Emag_anomaly Dm_anomaly

nal Annual Seasonal Annual Seasonal

0.36 0.28 0.76 0.71
0.28 0.09 0.41 0.52
0.18 0.07 0.37 0.28

from the monthly spatial distributions for the 38-year hindcast. Proposed development
ual wave energy flux along the 30m contour (distance is calculated from the proposed
ergy flux along the 30m contour for summer (blue), autumn (red), winter (green), and
son. Note, spring and winter shaded regions are overlapping. (For interpretation of the
article.)
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the summer months to ~70 kW/m in the winter months (Fig. 7c).
Annual and seasonal standard deviations of Emag were less than

10 kW/m (Table 1), suggesting a stable and consistent wave energy
resource. Spatially, there were areas of consistently higher wave
energywithin the embayment than the development site (i.e. to the
east of the development site; Fig. 8). However, these areas are
typically associated with irregular bathymetric features of the bay
(including submerged and exposed rock islands; Fig. 1b) that cause
localised areas of wave focusing but would also make this area
more difficult for subsea wave energy infrastructure. Therefore,
when comparing along the whole embayment (Fig. 8), the devel-
opment site appears to be situated in an ideal position of
Fig. 9. Seasonal (blue) and annual (black dashed line) means of (a) wave energy flux anomal
anomaly, (d) SAM phase, and (e) SOI. (For interpretation of the references to colour in this
consistently high wave power.

3.4. Interannual variability and relationships to climate indices

The time series of wave parameters and energy indicates
interannual variability over the 38 years, with the most notable
pattern being decreased wave heights, periods, and energy during
the late 1990s and early 2000s (Figs. 5 and 7). To assess any
coherence between the seasonal variability and the larger-scale
synoptic conditions, we compared the seasonal and annual
anomalies of Emag and Dm to the seasonal and annual values of the
STRP anomaly, SAM, and SOI (Fig. 9). To provide context for changes
y and (b) mean wave direction anomaly at the proposed development site and (c) STRP
figure legend, the reader is referred to the Web version of this article.)



Fig. 10. Relationship between seasonal mean wave energy flux anomaly (first column) or mean wave direction anomaly (second column) and (a,b) STRP anomaly, (c,d) SAM, and
(e,f) SOI at the development site (30m depth). Anomalies were calculated using the 38-year seasonal climatology. Correlation coefficient (r) and p-value (p), which represents the
significance of the linear relationship for the significance threshold p< 0.1, are included in all panels.
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at the development site (30m depth) and compare with variability
of deep water wave climate, this analysis was also conducted at a
site directly offshore from the development site in ~350m depth
(Fig. 1).

The wave climate showed a varied response to climate indices
across different temporal scales (annual or seasonal) and at
different depths (350m vs. 30 m) (Table 2). In shallow water, STRP
had significant relationships to both Emag and Dm at seasonal and
annual timescales (Table 2), with positive STRP corresponding to
larger Emag (positive anomalies) and more westerly waves (positive
anomalies) (Fig. 10a and b and 11a-b). SAM had a significant
negative relationship with Emag at annual timescales (positive SAM
corresponds to smaller annual Emag) (Fig. 11c; Table 2); however, it
showed no relationship with Emag at seasonal timescales (Fig. 10c;
Table 2). Although SAM was only related to Emag at annual time-
scales, SAM had a significant negative relationship with Dm such
that positive phases of SAM corresponded to more southerly waves
at both annual and seasonal timescales (Figs. 10d and 11d; Table 2).
SAM also had a significant negative relationship with the annual
number of storm events at the development site (not shown;
r¼ 0.54, p«0.01). SOI showed no relationship with Emag at either
annual or seasonal timescales (Table 2); however, SOI was
significantly negatively related to Dm at both timescales with pos-
itive SOI corresponding to more southerly waves (Fig. 10e and f and
11e-f; Table 2). The deep water site generally exhibited the same
relationships as the shallow water site, but the main difference was
that the SAM had a significant negative relationship with Emag at
seasonal timescales (Table 2).

4. Discussion

4.1. Feasibility of wave energy development at Torbay

Torbay has been targeted by several wave developers and the
State of Western Australia as a site for the future development of
wave energy converters (WECs). To optimize WEC design and
anchoring, as well as to understand the total potential resource, the
magnitude and variability of the wave energy resource must be
considered. We found that the development site at Torbay has a
consistently (i.e. small standard deviation) high wave energy flux
on both annual and seasonal timescales (Table 1). When Torbay is
compared to other global wave energy development sites [46], it is
clear that Torbay presents a unique wave energy resource in that it
has one of the largest and most consistent wave energy resources



Fig. 11. Relationship between annual meanwave energy flux anomaly (first column) or
mean wave direction anomaly (second column) and (a,b) STRP anomaly, (c,d) SAM, and
(e,f) SOI at the development site (30m depth). Anomalies were calculated using the
38-year annual climatology. Correlation coefficient (r) and p-value (p), which repre-
sents the significance of the linear relationship for the significance threshold p< 0.1,
are included in all panels.

Table 4
Percentage of time with wave heights between 1 and 4m
(mean± standard deviation) at the proposed development
site (30m depth).

Time (%)

Annual 91.9± 2.3
Summer (DJF) 98.4± 1.2
Autumn (MAM) 94.1± 2.5
Winter (JJA) 84.1± 5.8
Spring (SON) 91.2± 3.7
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(Table 3). Although Gleizon et al. (2017) present wave resources for
locations of variable depth (e.g. 155 me30m), we normalized the
annual average wave energy flux by the seasonal standard devia-
tion to approximate the consistency of the wave energy resource
across all locations (‘Normalized energy resource’; Table 3). When
examining this normalized value, Torbay has the largest potential
resource of any reported global location.
Table 3
Comparison of global wave energy hot spots. Global data adapted from Gleizon et al. (201
resource is the annual mean resource normalized by the seasonal variability.

Location Depth
(m)

Annual (kW/
m)

Spring (kW/
m)

Summer (kW/
m)

Autu
m)

Kerry, IRL 155 64.52 51.7 20.8 68.2
Belmullet, IRL 89 61.88 49.9 20.7 66.9
Nazare, PRT 88 24.1 31 9.5 14.1
Shetlands, GBR 78 40.12 36.2 9.6 37
Sao Vincente, PRT 61 23.1 30.6 8.4 12.6
Orkneys, GBR 54 28.7 27.3 5.9 27.7
Cotentin, FRA 53 5.33 4.2 2.9 5.6
Bretagne, FRA 46 34.12 25.4 12.7 37
Landes, FRA 38 21.89 18.6 7.9 23.4
Hebrides, GBR 30 39.11 39.2 7.9 34.8
Torbay, AUS (this

study)*
30 47.2 49.8 29.7 44.4
For this potential resource to be maximized, the conditions must
be survivable by WECs and within the energy producing regime
specific to each device. Most commercially available (and reported)
WECs require wave heights to be above 1m and less than ~4m to
efficiently produce energy [4,24]. Using these criteria,we determined
that Torbaywave conditions arewithin thesebounds~92%of the time
(averaged across all annual means) and range from ~84% (winter
average) to ~98% (summer average) seasonally (Table 4). However,
Torbay regularly experiences large wave events with a 1-year ARI
event Hsig of 6.6m and ~3 events per year with Hsig > 6m (Fig. 6).
Therefore, anyWECs deployed at Torbaywill need to be designed and
anchoredappropriately tosurviveseveral largewaveeventseachyear.

To further maximize the available wave energy, it is likely that
WECs will be deployed in arrays or ‘farms’ of varying numbers and
spatial density [2,47]. Across the entire alongshore width of Torbay,
there are distinct regions of high and low wave energy flux, with
annual and seasonal variability equal to or less than that at the
development site (Fig. 9). Therefore, there are a range of exploitable
wave energy resources that can be utilized by a variety ofWECs. For
example, the northwest corner of the Torbay embayment (sheltered
from dominant SW swells) could be optimized by WECs tailored to
exploit ~10e20 kW/m annually; whereas the development area
(±5 km) could provide a testbed forWECs optimized for 40e60 kW/
m annually (Fig. 9). Given the alongshore extent of a consistent
resource (either 10e20 kW/m or 40e60 kW/m), WEC farms could
consist of 50e200devices dependingon arraydesign [47,48]. Torbay
therefore provides the unique opportunity for a range of devices to
be deployed simultaneously (as WEC farms or individual units) and
utilize the samenearshore infrastructure,while alsomaximizing the
rangeofwave energy regimes typically available globally (i.e. Torbay
encompasses the complete range displayed in Table 3).
4.2. Implications for long-term wave energy resource and coastal
dynamics

The variability in the nearshore and offshore wave climates at
7). Seasonal means are for calculated for respective hemisphere. Normalized energy

mn (kW/ Winter (kW/
m)

Seasonal Variability (kW/
m)

Normalized Energy
Resource

121.6 42.20 1.53
111.3 37.89 1.63
42.1 15.11 1.60
78.3 28.37 1.41
41.2 15.39 1.50
54.4 19.86 1.45
8.1 2.23 2.39
64.1 21.91 1.56
43.6 14.96 1.46
75.2 27.66 1.41
65.3 14.70 3.21



Fig. 12. Relationships between the Southern Annular Mode (SAM), sub-tropical high pressure ridge (STRP), and seasonal mean wave energy flux (a) and seasonal mean wave
direction (b) at the development site.
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Torbay was shown to be significantly related to the STRP and SAM
(Table 2). Similar to recent studies of the Western Australian wave
climate [13], our results suggest that STRP is the best indicator of
the magnitude and direction of nearshore waves, whereas the SAM
is more suited to predicting the offshore wave climate (Table 2;
Figs. 10 and 11). However, STRP and SAM are also significantly
related to each other at seasonal (r¼ 0.36, p«0.05) and annual
(r¼ 0.73, p«0.05) timescales. When considered together, there is a
clear trend of positive Dm anomalies during negative SAM phases
and northward shifts in STRP (positive STRP anomaly) (Fig. 12b).
Similarly, larger Emag generally occurs during negative SAM and
positive STRP anomaly (Fig. 12a); however, there are several in-
stances of negative (positive) Emag anomalies during negative
(positive) SAM and positive (negative) STRP. For example, winter
1987 had a large positive Emag anomaly (þ13 kW/m) and autumn
2001 had a large negative Emag anomaly (�14 kW/m) despite pos-
itive SAM and negative STRP in 1987 and negative SAM and positive
STRP in 2001. These years had both positive Tm (1987) and negative
Tm (2001) anomalies, but neutral Hsig anomalies (Fig. 5). Thus,
because Emag is dependent on both wave height and period, this
variability in Emag is likely related to variability in the Southern
Ocean storm belt where more active years correspond to more
frequent swell events that can increase average Tm, and subse-
quently Emag, but may not increase average Hsig [10].

Although this study was aimed at understanding wave climate
variability in the context of wave energy development, the results
have relevance for other applications, including coastal dynamics as
the magnitude and direction of wave energy fluxes influence
nearshore sediment transport [49]. There is a long-term trend of
increasing positive SAM phase [25,36], which, given the relation-
ships observed here (Figs. 10e12; Table 2) is likely to cause pole-
ward shifts in STRP and corresponding decreases in wave energy
flux as well as anti-clockwise rotation inwave direction (i.e. shift to
more southerly directions). Previous studies have highlighted
similar relationships across the Indian Ocean section of the SO and
have suggested these trends will likely cause changes to coastal
sediment budgets by altering directions of sediment transport
[9,13]. However, these studies have lacked the detailed, high-
resolution models and bathymetry to investigate these trends in
the nearshore zone.

Using our higher-resolution, nearshore model we examined the
relationship between the local alongshore component (Ey, calcu-
lated by rotating energy flux vectors from SWAN into local cross-
and alongshore directions based on the orientation of the coastline)
of the wave energy flux and annual SAM at representative transects
along the 10m depth contour (Fig. 13a). Transects on the western
side of the embayment (i.e. T2, T3, T4; Fig. 13a) that are currently
sheltered from the predominant wave direction show no relation-
ship between SAM and Ey, whereas transects that are exposed to
SW waves, have a significant positive relationship between SAM
and Ey (Fig. 13b and c). Thus, as SAM continues to be increasingly
positive, our results suggest that the direction of Ey at exposed
sections of Torbay (i.e T1, T5, T6) could change directions and alter
sediment transport patterns. Given that most of the southern
margin of the Australian continent consists of high energy, wave-
dominated embayed beaches similar to Torbay [50], these results
suggest that southern Australian beaches may begin to rotate in
response to the altered wave directions. Furthermore, should wave
farms be developed in the region, the potential changes to the
magnitude and direction of the wave energy flux will need to be
considered when assessing both the long-term production value
and coastal impacts of wave farms [48].

5. Conclusions

The southern Australian coastline has one of the largest wave
energy resources reported globally. As wave energy development
becomes a greater priority in this region, a higher resolution and
more detailed understanding of the nearshore wave climate and
wave energy resource at development sites is needed. Here, we
used a 38-year wave hindcast to quantify the variability of the
nearshorewave climate and local wave energy resource and related
these to regional and basin scale climate drivers. The strongest
relationships were found between the wave climate and STRP and
SAM phase. Both climate indices had effects on the seasonal and
annual magnitude and direction of the wave energy flux incident to
the study area, with larger and more westerly waves associated
with negative phases of SAM and positive (equatorward) STRP. The
positive trend in SAM and southward shift in STRP will likely cause
anti-clockwise rotation to the wave energy flux vectors, which
could have implications for nearshore coastal dynamics (especially
if wave farms are developed). Finally, these results suggest that



Fig. 13. (a) Overview of Torbay with transects along the 10m depth contour indicated by red dots. Relationship between local alongshore wave energy flux (Ey) and SAM phase at
Transect 3 (b) and Transect 5 (c). Note, sign of Ey indicates direction of flux in local coordinate system; for (b) and (c), negative denotes flux directed towards the East. (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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seasonal and interannual fluctuations in the wave resource can be
significant and predictable and therefore, should be considered
during the future design of wave energy converters.

Data availability

Data associated with this publication is available online at
https://doi.org/10.5281/zenodo.3253345, or by request from the
corresponding author.
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