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ABSTRACT: The effect of interannual climate variability and change on the historic, directional wave climate of the
Southern Hemisphere is presented. Owing to a lack of in situ wave observations, wave climate in the Southern Hemisphere
is determined from satellite altimetry and global ocean wave models. Altimeter data span the period 1985 to present, with
the exception of a 2-year gap in 1989–1991. Interannual variability and trends in the significant wave height are determined
from the satellite altimeter record (1991 to present), and the dominant modes of variability are identified using an empirical
orthogonal function (EOF) analysis. Significant wave heights in the Southern Ocean are observed to show a strong positive
correlation with the Southern Annular Mode (SAM), particularly during Austral autumn and winter months. Correlation
between altimeter derived significant wave heights and the Southern Oscillation Index is observed in the Pacific basin,
which is consistent with several previous studies.

Variability and trends of the directional wave climate are determined using the ERA-40 Waves Re-analysis for the
period 1980–2001. Significant wave height, mean wave period and mean wave direction data are used to describe the
climate of the wave energy flux vector. An EOF analysis of the wave energy flux vector is carried out to determine the
dominant modes of variability of the directional seasonal wave energy flux climate. The dominant mode of variability
during autumn and winter months is strongly correlated to the SAM. There is an anti-clockwise rotation of wave direction
with the southward intensification of the Southern Ocean storm belt associated with the SAM. Clockwise rotation of flux
vectors is observed in the Western Pacific Ocean during El-Nino events.

Directional variability of the wave energy flux in the Western Pacific Ocean has previously been shown to be of
importance to sand transport along the south-eastern Australian margin, and the New Zealand region. The directional
variability of the wave energy flux of the Southern Ocean associated with the SAM is expected to be of importance to the
wave-driven currents responsible for the transport of sand along coastal margins in the Southern Hemisphere, in particular
those on the Southern and Western coastal margins of the Australian continent. Copyright  2009 Royal Meteorological
Society
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1. Introduction

The surface ocean wave climate of the Southern Hemi-
sphere (SH) has been largely understudied in ocean-scale
regional wave climate studies. The predominant focus
of such wave studies has focussed on high shipping
regions of the North Atlantic (e.g. Bacon and Carter,
1991; Swail and Cox, 2000; Woolf et al., 2002; Wolf
and Woolf, 2006), and the Northern Hemisphere as a
whole (e.g. Graham, 2003; Wang and Swail, 2001; Sasaki
et al., 2005). Description of the wave climate of the
SH is limited to a few regional studies (e.g. Short and
Trenaman, 1992; Laing, 2000; Scott et al., 2002; Gor-
man et al., 2003; Hemer et al., 2008), and global stud-
ies, where the attention paid to the SH is limited (e.g.
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Young, 1999; Cox and Swail, 2001; Sterl and Caires,
2005). It is widely understood however, after the early
work by Snodgrass et al. (1966), that the swell gen-
erated in the Southern Ocean during intense Southern
Ocean extra-tropical cyclones propagate throughout the
World’s oceans, impacting on almost all of the World’s
coasts.

Surface ocean waves play a significant role in the
processes at the air–sea interface, and the adjacent
boundary layers: the ocean surface mixed layer, and the
atmosphere marine boundary layer. Consequently, waves
impact upon surface winds, surface currents, turbulent
mixing in the surface mixed layer and consequently
the transport of heat, momentum and freshwater. Ocean
waves also impact on the albedo of the ocean, thus
impacting the radiative properties of the sea surface
(Swail et al., 2001). Given the importance of the Southern
Ocean to the global ocean, a more concerted effort is
required to determine the variability and trends in the
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wave climate of the SH, and in particular the Southern
Ocean.

The Southern Annular Mode (SAM) (also referred to
as the high-latitude mode and the Antarctic Oscillation) is
the principal mode of variability in the atmospheric circu-
lation of the SH extratropics and high latitudes (Marshall,
2003). It is a zonally symmetric mode of variability with
opposing geopotential height perturbations of opposite
signs over the Antarctic and a zonal band centred near
45 °S (Gillett et al. 2006). Several papers have reported a
trend in the SAM towards its positive phase, that is, when
pressures over Antarctica are relatively low compared
with those in the mid-latitudes (e.g. Kidson, 1999; Gong
and Wang, 1999; Marshall, 2003). A number of regional
studies have identified an influence of the SAM on winds
(a poleward intensification of the Southern Ocean storm
belt (Simmonds and Keay, 2000), and increased winds
over the Southern Ocean by about 20% over the last
20 years (Hurrell and van Loon 1994; Thompson and
Solomon 2002; Gillett et al., 2006); precipitation and
temperature (Gillett et al., 2006).

A strong relationship between the Northern Annular
Mode, or North Atlantic Oscillation, and the wave climate
in the North Atlantic Ocean was described by Woolf et al.
(2002), but little or no attention has been paid to effects
of the SAM on the waves in the SH, and, in particular, the
Southern Ocean. However, the variability of the SH wave
climate has important implications for the global oceans.
The global empirical orthogonal function (EOF) analysis
of corrected ERA-40 re-analysed significant wave height
data carried out by Sterl and Caires (2005) indicated
that 15% of the global wave variability is due to the
swell propagating from the SH storm track region, and
it governs the variability of the global mean. Hence,
it is important that the drivers of this Southern Ocean
variability are understood. Data other than that derived
from global wave models are sparse in the Southern
Ocean, with very few waverider buoy records in the SH
relative to the Northern Hemisphere. The most useful
dataset for determining the variability in wave heights
is derived from satellite altimeters, which is now of
sufficient length to describe interannual variability of the
wave climate. In this study, we use this data to describe
the trends and variability of the Southern Ocean wave
heights.

An aspect of the wave re-analysis dataset, which has
been understudied, is the wave direction. Wave direction
data are particularly sparse in the SH, with very few
(less than 20% in the Australian region) of the waverider
buoys in the region capable of measuring wave direction.
Although station derived sea-level pressure based indices
have been used as proxies for wave direction (e.g.
Goodwin, 2005), global wave models provide the most
useful dataset capable of providing some indication of
the variability and trends of wave direction in the SH.
The variability of wave direction is perhaps the most
important of parameters to determine the influence of
a changing wave climate on the coastal zone, altering
longshore drifts and consequently coastal sand budgets.

In this study, we use data from the global ERA-40 re-
analysis (and corrected dataset) to describe the trends
and variability of the directional Southern Ocean wave
climate.

The aims of the paper are to describe the interannual
variability and trends of the surface ocean waves in the
SH, using available datasets, and determine the principle
drivers of the variability. The paper is presented in five
sections. This introduction is followed by a presentation
of the datasets used (Section 2); a description of the
variability and trends of SH surface ocean wave heights
using the altimeter data (Section 3); a description of
the variability and trends of the SH directional wave
climate using the re-analysis data (Section 4) and Section
5 contains conclusions of the manuscript.

2. Datasets

2.1. Altimeter derived significant wave height (HS)

Altimeter data have been obtained from the TUDelft
RADS database (Naeije et al., 2000). Data from
the Geosat, ERS-1, ERS-2, TOPEX/Poseidon, Jason,
ENVISAT, and GFO missions are available. In this
study, we only use data from the similar Ku-band
altimeters of Geosat, ERS-1, ERS-2, TOPEX, Jason,
ENVISAT and GFO. However, Geosat data available
from RADS are unsuitable, as the available masking, and
HS standard deviation data is unavailable. Consequently
Geosat data (i.e. altimeter data pre 1990) have been
derived from elsewhere, as discussed below. The RADS
database allows user-defined editing in order to select
data according to a range of quality flags (as included in
original Geophysical Data Records, GDR). In this study,
all flagged data were rejected. Data were further rejected
if the radar backscatter was less than 0 dB or greater than
20 dB (indicating non-ocean-like altimeter returns), or
wave heights were greater than 25 m, or identically equal
to 0, or whose standard deviation in wave heights was 0
or greater than 0.1 m (high values indicating returns may
be contaminated by rain).

The most severe limitation of satellite altimetry is
the sparseness of data as the satellite takes at least
10 days to return to the same point, and only the
sea surface directly beneath the satellite is measured.
Woolf et al. (2002) indicate that a reliable, satellite-
derived wave climatology requires calibration of the
altimeter significant wave heights using reliable in situ
measurements, data screening to remove erroneous data,
and attention to the sparse-sampling problem. In this
study, we have used the same methods described by
Woolf et al. (2002) to determine their satellite wave
climatology, but the extra years and additional satellite
missions extend this dataset. Owing to the problems
previously mentioned with Geosat data, and their being
no additional missions for this early period, the pre-1990
satellite wave climatology has been taken from the Woolf
et al. study.
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The ocean was divided into a 2 × 2 grid (degrees
longitude × degrees latitude), and wave data from each
pass over through each grid cell were averaged to
determine mean significant wave height, HS, for every
month of record for each grid cell. The seasonal climate is
then described by averaging the results for each calendar
month across all years (e.g. Young, 1999). Cotton and
Carter (1994) established that only five valid calibrated
satellite passes over a region of the ocean within a
month were sufficient to obtain a reasonable accurate and
unbiased estimate of the mean wave climatology in that
month. Woolf et al. (2002) indicate that this condition
was generally satisfied each month by each satellite for
all 2 × 2 grid squares within its orbit.

As for Woolf et al., the calibration procedures used
to correct the nominal altimeter derived wave heights to
derive the climatology used in this study are described by
Cotton (1998), Challenor and Cotton (2002) and Queffeu-
lou (2004), and have been validated against the Australian
waverider buoys by Hemer et al. (2007). Table I summa-
rizes the calibration equations and the periods for which
each satellite provides a validated climatology (Note that
Woolf et al. (2002) present the TOPEX A-Side correction
incorrectly. Their presentation is inconsistent with the ref-
erenced (Challenor and Cotton, 2002)) version presented
here.). The resultant dataset used is a monthly 2° × 2°

gridded surface wave climatology of sufficient accu-
racy for describing the variability and trends of the SH
wave climate. The Geosat data span the period December
1985–March 1989 (taken from the Woolf et al. study),
and the remainder of the time-series span the period
August 1991–December 2006.

Sporadic gaps in the climatology occur for a few
grid squares in occasional months due to the sparse
sampling by the altimeter. In this study, as for the
Woolf et al. (2002) study, we are interested in the large-
scale variability of the surface ocean wave climate, and
the analysis requires data for every grid square for all
months. Therefore, data were interpolated and smoothed
using a 5 cell × 5 cell digital filter approximating Gaus-
sian smoothing with a radius (standard deviation) of
2.8°.

2.2. ERA-40 Re-analysis global wave model data

The ERA-40 re-analysis wave model output is freely
available on a 2.5° grid, providing significant wave height
(HS), mean wave period (TM) and direction for the
period 1958–2001. This dataset provides the ability to
determine trends and variability in wave direction in the
SH. However, Caires and Sterl (2005) found that the
ERA-40 wave re-analysis tended to underestimate large
wave heights, particularly in the Southern Ocean, and so
they produced a statistically corrected dataset, which we
call the corrected ERA-40 (C-ERA40) wave height data,
at 1.5° resolution.

To describe directional wave data, we have converted
the C-ERA-40 HS data, and ERA TM data (bi-linearly
interpolated onto the 1.5° grid) into an energy flux,
according to Holthuijsen (2007):

EF = ECG = ρg HS
2 CG/16 (1)

Where E is the wave energy density, CG is the group
wave speed (Holthuijsen, 2007), g is the gravitational
acceleration and ρ is water density. Being a surface ocean
wave energy flux, direction is given by the direction the
waves are travelling. We define the wave energy flux to
have direction equal to the ERA-40 mean wave direction.
Eastward and Northward components of the energy flux
(Efu and Efv, respectively) are then determined.

2.3. Waverider buoy data

Before detailing the variability and trends of the direc-
tional wave climate, confidence in the mean wave direc-
tion data available must be established. Very few direc-
tional waverider buoy data of sufficient length to describe
trends and interannual variability are available in the SH.
Directional data are available from six sites located on
open coastline (i.e. not sited landward of the Great Bar-
rier Reef, or landward of offshore islands) in Australia.
Directional wave data were also obtained from the Banks
Peninsula waverider buoy from the east coast of the south
island of New Zealand. Only six of these seven buoys
have data during the period of the ERA-40 re-analysis
(The Western Australia Rottnest deployment commenced

Table I. Summary of Altimeter datasets and wave height calibrations.

Altimeter Calibration Dates Reference

Geosat Taken from Woolf et al. (2002) 12/1985–3/1989 Woolf et al. (2002)
ERS-1 Hreal = 1.109HERS−1 + 0.334 8/1991–6/1996 Challenor and Cotton (2002)
ERS-2 Hreal = 1.061HERS−2 + 0.035 4/1995–12/2006 Challenor and Cotton (2002)
TOPEX A Hreal = 1.052HTOPEX − 0.094 − 0.0004D 9/1992–8/2002 Challenor and Cotton (2002)
TOPEX B Hreal = 1.052HTOPEX − 0.094 9/2002–10/2005 Challenor and Cotton (2002)
JASON Hreal = 1.059HJASON − 0.057 1/2002–12/2006 Queffeulou (2004)
GFO Hreal = 1.0625HGFO + 0.075 1/2002–12/2006 Queffeulou (2004)
ENVISAT Hreal = 1.0526HENVISAT − 0.199 9/2002–12/2006 Queffeulou (2004)

Hreal refers to a buoy-equivalent significant wave height, scaled from each altimeter dataset. Coefficients from referenced papers have been
inverted where necessary.
D – the term in the calibration for TOPEX A is the number of days since 26/9/1996, and has the value of zero prior to 26/9/1996.
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Table II. Summary of directional waverider buoys used to validate ERA-40 wave direction in the Australian/New Zealand region.

Site name Latitude (°S) Longitude (°E) Water Depth Date direction
commenced

Final date
available

Brisbane 27.49 153.62 70 Jan-1997 Mar-2006
Tweed River 28.18 153.58 25 Jan-1997 Mar-2006
Byron Bay 28.82 153.73 71 Jan-2000 Dec-2004
Sydney 33.78 151.42 85 Jan-1993 Dec-2005
Batemans Bay 35.71 150.34 73 Jan-2001 Dec-2005
Banks Peninsula 43.75 173.33 76 Feb-1999 Dec-2006

in July 2005). The six buoy records used to validate
ERA-40 mean wave direction data are summarized in
Table II.

Monthly mean wave direction was determined by vec-
tor averaging unit vectors pointing in the wave direc-
tion. The long-term mean wave direction was similarly
determined for each dataset (buoy and ERA-40). All
of the directional waverider buoys are located in mid-
water depths (∼50–100 m) at which swell waves may
interact with the seabed. Thus, before the waves have
reached the buoy, they are likely to have undergone
refraction and shoaling effects as they propagate from
deep water onto the continental shelf. For validation of
wave direction, refraction must be taken into account.
Consequently, buoy wave directions have been inversely
ray-traced into deep-water (utilizing Geoscience Aus-
tralia’s 0.01° bathymetry dataset; Petkovic and Buchanan,
2002). Data comparisons between ERA-40 wave direc-
tion and inverse ray-traced buoy measured wave direc-
tion were made (Table III), enabling a bias to be deter-
mined between datasets. The long-term mean was sub-
tracted from the time series to compare the variability of
wave direction (Figure 1). A bias exists between ERA-40
data and waverider buoy wave directions. For all sta-
tions except Brisbane the ERA-40 data display a greater
southerly component (Table III). However, directional
variability on seasonal and interannual time-scales shows
good comparison. ERA-40 displays slightly greater vari-
ability in wave direction than the buoy data at most
stations (Table III) but datasets are in phase with each
other (Figure 1). At the buoys, which are available for
directional comparisons, the wave signal is dominated by
locally generated waves (deep-water waves). The ERA-
40 dataset archives mean wave period, as opposed to peak
wave period. Given the sea signal dominates the swell
signal, the mean wave period is typically longer than the
peak wave period, and the refraction estimates presented
are likely an overestimate of the waves of peak energy.
At the Sydney buoy, the overestimation of refraction is
up to approximately 12° at times when there is a large
discrepancy between mean and peak wave periods.

2.4. Climate indices

The relationships between wave climate and the Southern
Oscillation Index (SOI, Figure 2), the Southern Annular
Mode Index (SAMI, Figure 2; Marshall, 2003), the
Indian Ocean Dipole (IOD; Saji et al., 1999) have been

Table III. Comparison of ERA-40 wave direction and inverse
ray-traced buoy wave directions.

Site N θERA40 θBUOY σERA40 σBUOY

Banks Peninsula, NZ 26 134.7 124.3 0.43 0.46
Brisbane 61 94.5 110.1 0.21 0.27
Tweed 60 131.3 90.0 0.24 0.18
Byron Bay 24 140.5 133.1 0.26 0.21
Sydney 101 138.6 125.3 0.39 0.27
Batemans Bay 12 133.5 122.7 0.24 0.17

Means (indicated by the overbar) and standard deviations (indicated
by σ ). N is the number of months over which records were compared.
Units of degrees from north.
σ is standard deviation of wave direction, determined from a unit vector
of given direction. i.e. σ = σ(cos θ) + σ(sin θ). This has a minimum
value of 0 (indicating no variability), and a maximum value of 1
(indicating no directional coherence).

determined. No significant relationships were found to
the IOD. The wave record used in this study is too
short to establish significant correlation statistics to the
Interdecadal Pacific Oscillation (IPO; Power et al., 1999);
however, given the strong relationship between mean
wave direction in the Tasman Sea and the IPO (Goodwin,
2005), it could be expected that this index is important for
larger regions of the SH. This has not been investigated
in this study.

3. Variability and trends of altimeter-measured
significant wave heights

The annual cycle of altimeter derived HS was determined
from the mean for each month over all available years
of data. There are 18 full years of data (1986–1988,
1992–2006), with an extra sample of each month for
August–March, and a further one for December. How-
ever, to avoid any inconsistencies, which may exist
between the Geosat climatology outlined by Woolf et al.
and the climatology determined in this study, we con-
centrate on the data post-August 1991 for describing the
mean annual cycle of significant wave height.

Seasonal mean significant wave heights were deter-
mined by combining the Dec-Jan-Feb (DJF) monthly
means for summer, Mar-Apr-May (MAM) for Autumn,
Jun-Jul-Aug (JJA) for Winter, and Sep-Oct-Nov (SON)
for Spring. Finally, the mean significant wave height from
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Figure 1. Comparison of wave directional anomalies between ERA-40 (dashed line) and inverse ray-traced buoy record (solid line) from (a) Banks
Peninsula; (b) Brisbane; (c) Tweed; (d) Byron Bay; (e) Sydney; (f) Batemans Bay.

all satellites was then found by combining the individ-
ual monthly means into an all-seasons mean, with each
month being equally weighted. The wave climatology
described by the new dataset (not shown) is consistent
with previous global wave climatologies (e.g. Young,
1999; Sterl and Caires, 2005). This climatology includes
only the SH, and we see a strong latitudinal variation in
HS, with largest wave heights (HS ∼ 5 m) observed in
the winter months JJA, in the Indian Ocean Sector of the
Southern Ocean.

Interannual standard deviation of altimeter-measured
HS was determined by calculating the standard devia-
tion of the monthly mean values. Interannual variability
is greatest in the Indian Ocean Sector of the Southern

Ocean, during the winter months. The high interannual
variability observed in the monthly statistics suggests
coherent processes may be acting to force this variabil-
ity. We have investigated the relationship between the
monthly mean altimeter-measured HS anomalies with
various climate indices.

Gridded values of mean altimeter measured HS have
been regressed against the Southern Oscillation (SO)
and SAM climate indices, for each season (DJF, MAM,
JJA, SON). A significant negative correlation is observed
between the SOI and HS in the western tropical Pacific
for all seasons except DJF (when there is a negative
correlation in the eastern Pacific), and on the Australian
east coast during winter (JJA; Figure 3). Significant
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Figure 2. Three-month running mean Southern Annular Mode Index (upper, Marshall, 2003) and Southern Oscillation Index (lower). This figure
is available in colour online at www.interscience.wiley.com/ijoc

positive correlation to the SO is observed off the western
Australia coast during summer (DJF). This relationship
between significant wave height and the SOI in the South
Western Pacific Ocean (the Tasman and Coral Seas) has
been previously described by Laing (2000).

Regression of seasonal mean HS against seasonal
means of the SAM shows a strong positive correlation
between the SAM and autumn/winter HS in the Indian
and Pacific Ocean sectors of the Southern Ocean, and
the Pacific Ocean tropical waters (Figure 4). During
spring and summer, significant correlation to the SAM
is observed only in the high latitudes. The SAM was de-
trended prior to determining regression statistics to ensure
correlation between variability was being determined.

The time series of SH monthly mean significant wave
height (Figure 5) illustrates the constant bias present
between the early Geosat data, and the later data, which
comes about as a result of differences in the processing
procedure carried out in the two studies. Consequently,
we concentrate on the post-1992 record for checking
trends in wave heights. Monthly mean values of HS

have been regressed against time for each calendar month
for two datasets: one spanning 1985–2006 (including
the 1985–1989 Geosat data; Figure not shown), and the
other spanning 1991–2006 (removing the Geosat data;
Figure 6). This was done as inconsistencies (a constant
offset) exist between the Woolf et al. climatology, and
that determined in this study. We find significant positive
trends in altimeter-measured HS in the Southern Ocean
during winter months (in particular July and Septem-
ber) between 1991 and 2006. These trends are observed
over the whole Southern Ocean, and are typically greater
(∼5 cm/yr) in the Indian and Pacific sectors. An excep-
tion occurs during July and August, when larger trends

are observed in the South Atlantic (Figure 6). The trends
analysis which includes the Geosat data displays spatial
patterns analogous to the trends displayed in Figure 6;
however, trends are not as great (∼1–2 cm/a) and not sig-
nificant. Both datasets display a significant negative trend
in the Indonesian Archipelago; however, care should be
taken in interpreting these results where large errors may
occur through land-affected data points.

The spatial pattern of the positive trend in altimeter-
measured HS in the Southern Ocean is consistent with
the pattern of significant correlation between winter HS

and the SAMI (Figure 3) and the apparent trend in the
SAM (Figure 2). The observed trend in the Southern
Ocean altimeter-measured significant wave heights is
consistent with a southward shift of the Southern Ocean
storm belt, leading to stronger westerly winds, driving
larger wave heights in the southern latitudes. To further
explore this relationship, the time series of monthly mean
HS, and the monthly HS anomalies, averaged over the
whole SH are plotted in Figure 5. The annual cycle is
apparent with significant interannual variability observed.
No correlation between the SH mean anomalies and
climate indices tested (SOI, SAMI and IOD) is observed.
If waves respond to pressure patterns regionally (as could
be expected), then corresponding signals could easily be
missed in the SH mean. To assess regional variations in
the wave field, a principal components (EOF) analysis is
carried out on the monthly mean altimeter-measured HS

fields.
Variability of altimeter derived wave heights is great-

est during autumn and winter months, however we assess
all seasons. An EOF analysis is carried out on sea-
sonal datasets (DJF, MAM, JJA and SON). A total
of 45 months for each seasonal dataset qualify in the
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Figure 3. Correlation maps of seasonal mean HS with Southern Oscillation Index for Summer (DJF); Autumn (MAM); Winter (JJA) and Spring
(SON). Significant positive or negative correlations (at 95% confidence level) are bounded by solid black line.

Figure 4. Correlation maps of seasonal mean HS with Southern Annular Mode Index for Summer (DJF); Autumn (MAM); Winter (JJA) and
Spring (SON). Significant positive or negative correlations (at 95% confidence level) are bounded by solid black line.
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Figure 5. Time series of the monthly mean HS (dash line), the mean annual cycle (dotted line), and the monthly anomalies (with the mean
annual cycle removed from the signal; solid line); all averaged over the Southern Hemisphere.

post-1992 period. The time series (principle components)
of the leading EOFs are determined for each seasonal
dataset, and the variance explained by the EOFs, and the
correlation of the principal components to climate indices
SOI and SAMI are presented in Table IV. The first and
second EOFs during MAM (describing 17 and 13% of
the variance respectively) and winter (describing 19 and
12% respectively) show similar patterns (not shown), and
similar significant correlations to the de-trended SAMI
(Table IV). The first EOF for MAM and JJA displays
larger wave heights in the Southern Ocean when the
SAMI is larger (R = 0.78, MAM and R = 0.58, JJA;
Figure 7a), particularly south of Australia and in the
Pacific sector. The Atlantic and the region adjacent to
south-west Australia show a decrease in wave heights
with larger SAMI. The second EOF displays an increase
in wave heights over all of the SH when the SAMI is
larger, except for a small region in the south-east Pacific
(R = 0.16, MAM and R = 0.64, JJA; Figure 7b). The
observed trend in the Southern Ocean altimeter-measured
HS is consistent with the observed trend in the SAMI,
whereby the Antarctic low pressure trough has shown
a deepening, and consequently the Southern Ocean wind
band has shifted further southwards and intensified. These
observed trends have resulted in larger ocean waves in
the Southern Ocean, which are then able to propagate
throughout the world’s oceans.

4. Variability and trends of global wave model
estimated wave energy flux

The shift in position of the storm belt and the location
at which large waves are generated may have potential
impacts on the direction of waves. The wave energy flux
is a vector with magnitude being a function of the wave
height squared and the wave period, and the direction is

Table IV. Results of EOF analysis of altimeter-measured HS.

Season N EOF V R (SAMI) R (SOI)

DJF 16 1 17.2 −0.06 −0.13
2 11.1 0.12 0.25
3 8.1 −0.09 −0.21
4 6.0 0.15 −0.17

MAM 15 1 17.5 0.78 −0.23
2 13.0 0.16 −0.14
3 11.7 0.11 −0.17
4 6.1 −0.14 −0.23

JJA 15 1 19.0 0.58 0.4
2 11.7 0.64 −0.21
3 10.2 −0.28 −0.09
4 6.5 −0.11 0.04

SON 14 1 16.9 −0.05 0.09
2 14.5 0.06 0.13
3 10.0 0.27 0.17
4 8.6 −0.28 0.10

N is number of EOFs describing 80% of the variance. The first four
EOFs for each seasonal anomaly set are shown. V is the percentage
variance explained by each EOF. R (SAMI) is correlation between
SAMI and principal component of the EOF. R (SOI) is the correlation
between SOI and the principal component of the EOF. Bold text
indicates significant correlation at 95% level.

given by the direction the waves are travelling. We have
used this statistic to describe the directional wave climate
of the SH. Unfortunately, very little wave period and
direction data are available in the SH, and consequently
we rely on global wave models such as the ERA-40 re-
analysis, and the corrected version produced by Sterl and
Caires (2005). Another source is the operational global
wave model NWW3 (Tolman et al., 2002). Sterl and
Caires (2005) identify a prominent dip in C-ERA-40 HS
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Figure 6. Trend in monthly mean altimeter derived HS for period 1991–2006 for each month of the year (JFMAMJJASOND). Significant trends
(at 95% confidence level) are bounded by a solid black line.

Figure 7. The first (a) and second (b) principal component of the winter (JJA) mean altimeter derived HS.

in September 1975, which signals a change in regime
with higher HS observed after the dip than before. The
dip in HS is traced to a dip in wind speeds in the Pacific
sector of the Southern Ocean and is suspected to be real.
However, the change in the level before and after this
dip was deemed to be most likely due to the assimilation
of satellite data after 1979. As a result of this change in

regime in this record, we have utilized only data from
1980 onwards (until end of 2001) in this study, making
up a full 22 years of record.

Wave analyses typically use scalar statistical methods
for wave heights and periods. In order to assist statistical
calculations, the directional wave energy flux (EF) is a
vector, expressed here as a complex number z = x + iy.
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The real component of the wave energy flux vector, x, is
the eastwards component, and the imaginary component,
y, is the northwards component of the wave energy flux,
such that the mean wave energy flux is given by:

z = 1

n

n∑

j=1

zj = x + iy (2)

And the variance of the wave energy flux is given by:

σ 2
z =

n∑

j=1

(zj − z)(zj − z)∗ = σ 2
x + σ 2

y (3)

Where zj = xj + iyj is the complex representation of the
wave energy flux vector for month j , i2 = −1, (σx , σy ,
σz) are the standard deviation of (x, y, z) respectively,
and the symbol (∗) represents the complex conjugate. The
wave energy flux has units of W/m wave crest.

Monthly mean wave energy flux magnitudes, directions
and vector components were determined from the 22-year
record of 6-hourly wave height, period and direction data.
From these, the mean annual cycle, and seasonal and
annual mean wave energy flux were determined for each
of the 22 years. The seasonal directional variability found
here is consistent with that from similar global wave mod-
els described by Young (1999). Seasonal and interannual
variance of the wave energy flux at representative loca-
tions are presented in Table V. The greatest interannual
variability (vector and magnitude variance) is observed
at the Western Tasmania location. Directional variability
is greatest in the SW Pacific Islands as a result of the
seasonal monsoon/trade-wind reversal. Interannual vari-
ability in the length of the monsoon season leads to the
high observed variability in the energy flux direction at
this location.

The magnitude of the monthly mean wave energy flux
(EF) was regressed against time. Large and significant
positive trends (not shown) were observed throughout
the SH. The spatial distribution of EF trends is similar to
that for the altimeter measured HS trends, but significant

positive EF trends are observed in regions which dis-
play non-significant negative HS trends in the altimeter-
measured HS record. To explore this further, we have
determined 4-year mean HS for the periods 1993–1996
and 1998–2001 from each of the altimeter-measured HS,
the C-ERA-40 HS, and the original ERA-40 HS data.
The 1993–1996 4-year mean HS is subtracted from the
1998–2001 4-year means HS for each of the three cases
to identify spatial patterns of positive and negative trends
in each dataset. The spatial distribution of the trends
is consistent between all datasets; i.e. regions display-
ing a positive trend in the altimeter-measured HS data
(Figure 8a) display very large positive trends in the ERA-
40 dataset (Figure 8c); regions with no trend in Altimeter
HS data display a moderate positive trend in the ERA-40
data, and only regions with a very large negative trend
in the Altimeter HS data display a small negative trend
in the ERA-40 data. We find that the trends in the ERA-
40 HS data over this period exceed the trend observed
in the Altimeter HS data. Although the trends in the
C-ERA-40 data are nearer to the measured trends, the
C-ERA-40 data also overestimate the positive trends in
the SH HS, and the area of negative trends is signifi-
cantly reduced. To confirm that the reduced trend in the
Altimeter data is not a feature of the sparse sampling of
the altimeter, Figure 8b shows the trend in the C-ERA-
40 HS data having resampled the C-ERA-40 record as the
Altimeters would have done. The trends in the sparsely
sampled C-ERA-40 data (Figure 8b) are consistent with
the non-sparsely sampled C-ERA-40 data (not shown).
Each case displays significant increase in Southern Ocean
wave heights, south of approximately 45 °S. The spatial
extent of the impacts of these changes is recognized by
wave height increases in regions where Southern Ocean
swell has propagated. This signal can be seen in the east-
ern Pacific and Indian Oceans – locations where local
wave generation is small but are subject to swell propa-
gated from the Southern Ocean. Increase in the Southern
Ocean generated swell can be expected to increase the
mean wave period of the wave spectrum throughout the
global ocean. Such increase in the mean wave period is
observed in the ERA-40 dataset (Sterl and Caires, 2005),

Table V. Mean magnitude and direction of the wave energy flux, and measures of seasonal and interannual variance at selected
sites.

Site Lat Long |z|(×105) W/m θ °N Seasonal Interannual

σz

(×104)

(W/m)2

σ|z|
(×104)

(W/m)2

σ|e| σz

(×104)

(W/m)2

σ|z|
(×104)

(W/m)2

σ|e|

West Tasmania 42.5 °S 142.5 °E 0.57 70.3 1.83 1.70 0.11 2.11 2.11 0.115
SW. Pac Islands 5 °S 185 °E 0.14 262.3 1.23 0.28 0.82 0.30 0.29 0.67
Cape Town 37.5 °S 17.5 °E 0.47 59.7 2.01 1.79 0.18 1.71 1.71 0.19
Chile coast 37.5 °S 282.5 °E 0.42 59.1 0.76 0.76 0.11 1.52 1.52 0.18
Tasman Sea 30 °S 155 °E 0.13 330.0 0.57 0.38 0.36 0.41 0.41 0.18
Maldives 2.5 °S 72.5 °E 0.16 352.9 0.83 0.82 0.09 0.56 0.56 0.50

σz is variance of wave energy flux vector, σ|z| is variance of magnitude of wave energy flux, and σ|e| is variance of the wave energy flux
direction.
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Figure 8. Difference in between 1998–2001 HS mean, and the
1993–1996 HS mean using (a) Altimeter derived HS; (b) C-ERA-40
HS; and (c) ERA-40 HS. The C-ERA-40 data is resampled to be equiva-
lent to Altimeter sampling. Colour scale is in metres difference between

the two means.

but further attention is required to isolate the Southern
Ocean generated swell component of this signal.

In contrast with significant wave height, we have
no reason to suspect that the trends in wave direction
are mis-represented in the ERA-40 dataset. At each of
the directional waverider buoy sites, we compared the
directional anomaly from the buoy data to the directional
anomaly from the ERA-40 data. The difference between
these anomaly time series has no significant trend, and
therefore we conclude that the ERA-40 direction data
do not exhibit any un-real trends. Figure 9 displays the
directional distribution of the ERA-40 data, showing
spatial histograms of the percentage of data for which
waves are directed towards each of eight directional

segments (N, NE, E, SE, S, SW, W, and NW). This
directional distribution has been determined for each
year of record, from 1980 to 2001, and the trend
in the changing distributions determined (Figure 10).
Key regions which exhibit shifts in wave direction
are the Southern Ocean (where waves have shifted
from north-westerly to westerly, or westerly to south-
westerly), the Pacific Ocean, including the Tasman Sea,
but mostly in the equatorial and eastern Pacific (where
waves have shifted from south-easterly to southerly or
southerly to south-westerly) and the equatorial Western
Pacific (where waves have shifted from north-easterly
to south-easterly), the Indian Ocean (where waves have
shifted from westerly to south-westerly, south-westerly
to southerly), and the southern Atlantic Ocean (where
waves have shifted from south-westerly to southerly).

Directional shifts in the Tasman Sea wave climate have
been shown to be statistically related to the SOI (Short
et al., 1995, 2000; Ranasinghe et al., 2004; Goodwin,
2005). Wave direction is predominantly south-easterly
during both phases of the El-Nino – Southern Oscilla-
tion, but these authors found that El-Nino (La Nina)
events were related to a greater southerly (easterly) com-
ponent to the waves, resulting in consequent clockwise
(anti-clockwise) rotation of embayed beaches in Sydney’s
north (on the Australian east coast). For this study, the
magnitude of the wave energy flux vector, and the east-
ward and northward directional components of the wave
energy flux have been regressed against the SOI. Signifi-
cant correlations between the eastward wave energy flux
components and the SOI are observed throughout most of
the Pacific Ocean, and during spring and summer months,
significant correlation between the northward component
of the wave energy flux and the SOI are observed (not
shown). A negative anomaly of the SOI (i.e. an El-Nino
event) is associated with an increase in the eastwards EF
component (or weakening of the westward wave energy
flux) in the tropical Pacific Ocean (Figure 11), associ-
ated with the weakening of the equatorial trade winds
during El-Nino events. In the Tasman Sea both east-
wards and northwards EF components have a negative
correlation to the SOI. A negative SOI anomaly (El-
Nino event) therefore results in the north-westward flux
in this region gaining a greater northward component,
and a decreased westward (increased eastwards) com-
ponent – a clockwise rotation of the wave energy flux
vector indicating waves shifting from south-easterly to
southerly (consistent with Goodwin, 2005). This clock-
wise rotation is consistent with the rotation of beaches
observed on the south-east Australian coastline during
El-Nino events. Further north in the Coral Sea, the nega-
tive SOI anomalies are associated with a decrease in the
eastwards component of the flux, observed as a strength-
ening of the south-easterly trade wind generated wave
energy flux.

Over the past few decades, an increased number of El-
Nino events have occurred relative to previous decades
(Trenberth and Hoar, 1997; Mason, 2001). As El-Nino
events are associated with a clockwise rotation of wave
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Figure 9. The directional distribution of Southern Hemisphere waves (ERA-40 derived wave direction). Each subplot displays a histogram
indicating the percentage of wave data for waves are directed from that 45° directional segment. Colour scale is 0% of data in directional

segment to 100% of data in directional segment.

Figure 10. Trends in directional distribution of Southern Hemisphere waves (ERA-40 data, 1980–2001). Each subplot displays the gain/loss of
wave data from each 45° directional segment over the 22-year record. Units are % of data/year of record.
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Figure 11. Correlation between the SOI and the eastwards and northwards components of the wave energy flux.

Figure 12. Correlation between the SAMI and the eastwards and northwards components of the wave energy flux.

direction in the south-western Pacific Ocean (Goodwin,
2005), the increase in El-Nino events is responsible for
the clockwise rotation in wave direction observed in this
region, over the period 1980–2001 (Figure 10).

In the far Southern Ocean (south of ∼48 °S), a sig-
nificant positive correlation exists between the SAM
and eastwards component of the wave energy flux
(Figure 12), consistent with a strengthening and south-
wards shift of the Southern Ocean westerly winds.
This shift is also reflected further north between lat-
itudes 45–15 °S, where a significant negative correla-
tion between the eastward flux component and SAM is
observed over all longitudes bar the eastern Pacific and
western Atlantic (which display a positive correlation).
There is also a positive correlation between the northward
flux component and the SAM in the region. These cor-
relations together translate to an anti-clockwise rotation

of the dominant north-eastward fluxes to have a greater
northward component during positive phases of the SAM
(waves are more southerly). The positive trend in the
SAM over the past few decades (Marshall, 2003) there-
fore suggests an associated anti-clockwise directional
shift in the wave energy flux along the southern and west-
ern margins of the Australian continent. The strength and
direction of wave-driven currents along these coastlines
are a characteristic of the direction of the incident deep-
water waves, and their subsequent refraction over the
continental shelf. An anti-clockwise rotation of the inci-
dent wave direction may lead to an expected increase
in northward longshore transport which occurs along the
western Australian margin (as observed by Masselink and
Pattiaratchi, 2001), and an expected decrease in eastward
longshore transport volumes along the southern Aus-
tralian margin (as reported by Harvey, 1996; Hou et al.,
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2003). Variability in the sand budgets may lead to shift
in the position of the shoreline in the form of erosion or
accretion.

Significant positive correlations are observed between
both of the wave energy flux directional components and
the SAM in the eastern Pacific. This significant correla-
tion in both components is consistent with the positive
correlation observed between altimeters measured HS and
the SAM in the region, however an associated signifi-
cant directional rotation is not resolved. We interpret this
positive correlation between wave height in the eastern
Pacific and the SAM to be a result of increased swell in
the region, brought about via the intensifying storms in
the Southern Ocean associated with positive anomalies
of the SAM.

In Section 3, the regional variability of the altimeter-
measured significant wave height was investigated using
an EOF analysis. We have also carried out an EOF
analysis on the wave energy flux vector field, using the
method outlined by Preisendorfer (1988), to determine
the dominant modes of directional variability and the
regional variability of the wave energy flux anomalies
(mean annual cycle removed) for each seasonal dataset.
A total of 66 months for each seasonal dataset qualify
in the 1980–2001 dataset. The time series (principle
components) of the leading EOFs are determined for each
seasonal dataset, and correlated to climate indices SOI
and SAMI. These correlations and the variance explained
by the EOFs are presented in Table VI.

Over all seasons, we observe a strong, and signifi-
cant, correlation between the first EOF and the SAM
(Table VI). These first EOFs all exhibit similar charac-
teristics to those of MAM presented in Figure 13, which

Table VI. Results of EOF analysis of wave energy flux vectors.

Season N EOF V R (SAMI) R (SOI)

DJF 15 1 18.7 −0.62 −0.31
2 14.4 −0.14 −0.49
3 7.5 0.63 0.17
4 6.4 0.28 −0.09

MAM 12 1 24.3 0.87 0.17
2 12.0 −0.10 −0.16
3 9.6 0.32 0.22
4 6.6 0.27 −0.11

JJA 11 1 23.5 −0.52 −0.06
2 13.9 −0.16 0.05
3 11.4 −0.26 0.50
4 7.7 0.07 0.02

SON 10 1 27.6 −0.67 −0.31
2 16.2 −0.59 0.12
3 10.2 −0.44 −0.05
4 6.7 0.01 −0.10

N is number of EOFs describing 80% of the variance. EOF is EOF,
showing first four EOFs for each seasonal anomaly set. V is variance
explained by EOF. R (SAMI) is the correlation between SAMI and
principal component R (SOI) with SOI. Bold text indicates significant
correlation at 95% level

displays the strongest correlation to the SAM. Note that
the two component (vector) EOF is a vector anomaly,
and should be considered relative to the mean seasonal
flux vectors. It can be seen (given the strong positive
correlation to the SAM) that the variability in the SAM
is associated with variance in wave energy flux in the
Southern Ocean – most notably south of approximately
40 °S in the Indian and Pacific sectors. South of 50 °S and
in the Indian sector of the Southern Ocean and south of
Australia, a positive SAM anomaly is associated with a
strengthening of the flux, with anti-clockwise rotation in
direction. In the same latitude band in the Pacific sector,
the same anomaly is also associated with a strengthen-
ing flux, but clockwise directional rotation. In the Indian
Ocean, north of 50 °S, the positive SAM anomaly is asso-
ciated with anti-clockwise directional rotation of the flux,
and north of 45 °S, we observe that the SAM anomaly
is also associated with a decrease in the magnitude of
the flux. South of Australia (in the Great Australian
Bight for example), we see that the wave energy flux
increases in magnitude, and rotates anti-clockwise with
a positive SAM anomaly. These general patterns of an
anti-clockwise rotation, and increase in magnitude of the
flux continue eastwards and northwards into the Tasman
Sea and even the Coral Sea, along the eastern Australian
Coast.

In the central South Pacific in the 35–50 °S latitude
band, a positive anomaly of the SAM will result in anti-
clockwise rotation of the energy flux, with little change in
the magnitude; however, further east in the Pacific Ocean,
the directional rotation will be small, but the magnitude
of the flux could be expected to increase (Figure 13a). In
addition to the first EOF displaying a correlation to the
SAMI, we also observe that lower order EOFs (i.e. those
which describe less of the variance) for all seasons also
display significant correlations to the SAM (Table VI).

Correlation between the principle components of the
EOFs of seasonal variability of the wave energy flux and
the SOI are not as strong as to the SAMI. However,
significant correlation with the SOI is observed for the
leading EOF during SON and DJF. The variability forced
by anomalies of the SOI could be expected to be greatest
in the tropical Pacific (where the effects of El-Nino
events are observed to be greatest). The EOF indicates
that a negative anomaly of the SOI (an El-Nino event)
is associated with a weakening and slight clockwise
rotation, throughout the equatorial Pacific, consistent with
the eastward shift in the convection cells of the Walker
circulation which occurs during El-Nino events.

5. Discussion and conclusions

The effects of two principal modes of variability in
the SH on the wave climate in the region have been
investigated. The primary mode of both wave height and
directional variability in the SH is correlated to the SAM.
This variability is most apparent in the Southern Ocean,
from which Southern Ocean generated swell propagate
throughout all of the SH oceans.
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Figure 13. First EOF of autumn (MAM) wave energy flux vectors (grey vectors), using the 22-year ERA-40 dataset. Scaled autumn seasonal
mean vectors (black vectors) are shown for directional reference. (a) Global view, and (b) is a zoomed in view of the south-west Australian

margin, or Indian and Southern Ocean.

Trends in wave climate of the SH display strong
regional variability. The wave climate in the South Pacific
Ocean is shown to have strong correlation with both
the SAM and the SOI. The variability associated with
the trend in each of these indices (a positive trend in
the SAMI over the past few decades and an increase
in occurrence of El-Nino events) combine to produce
trends in the South Pacific Ocean. HS increases in the
far Southern Ocean and decreases in the Western Pacific
(in particular the Coral Sea). Wave direction rotates
clockwise in the equatorial and mid-latitudes, and anti-
clockwise in the far Southern Ocean.

The wave climate of the Tasman Sea, and the Western
Pacific Ocean in general, displays a significant correlation
to the SO Index, and the occurrence of El-Nino/La
Nina events, with a clockwise rotation of wave direction
during negative anomalies of the SOI (El-Nino events).
These results confirm previously published results (e.g.
Ranasinghe et al., 2004; Goodwin, 2005) using different
but complementary methods.

In the Indian Ocean Sector of the Southern Ocean,
wave climate variability is correlated with the SAM,
particularly during autumn and winter months. Positive
trends in HS and anti-clockwise directional trends in the
far Southern Ocean (south of ∼48 °S) are attributed to the
positive trend in the SAM. The wave climate in the South
Atlantic Ocean displays very little variability, escaping
the influence of the SAM. The shadowing influence of
the South American continent may be the dominant factor
here, blocking storm systems which propagate around the
southern latitudes, and reducing the propagation of swell
from other Southern Ocean extra-tropical storms.

The relationship between the SAM and the Southern
Ocean wave climate has not been previously described.
Sterl and Caires (2005) described significant trends in the
significant wave heights of the Southern Ocean (from the
ERA-40 waves re-analysis), and indicated that the driver
of the significant trends was an increased number of
storms in the Southern Ocean. A southern intensification
of the Southern Ocean storm belt associated with the
SAM has been previously described, and it has been
speculated (Hemer et al., 2008) that such a shift in
location and intensification of the Southern Ocean storms
would have an impact on the properties of the waves
observed in buoy records along the southern Australian
margin. In this study, it is seen that the positive trend
in the SAM observed over the past few decades has
been associated with an increase in wave heights in the
far Southern Ocean and the mid-latitudes of the eastern
Pacific Ocean during the autumn and winter months.
From EOF analysis, the principle mode of variability in
the SH directional wave climate is shown to have a strong
significant correlation to the SAM. Possibly the most
marked feature of this relationship is the anti-clockwise
rotation of the wave direction in the region south and west
of the Australian continent. Increases in Southern Ocean
generated waves, partly attributed to the SAM, may be
observed to propagate throughout the world’s oceans.
The effects of such changes on surface wave period,
expected to increase with the greater swell component,
needs further attention to identify the spatial extent of
the impacts of these changes, particularly on the coastal
zone.

Understanding the relationship between the SH wave
climate and the SAM enables estimates of changes
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under future climate scenarios. General circulation model
(GCM) simulations forced with Antarctic ozone depletion
display a positive increase in the SAM (Gillett and
Thompson, 2003). Similarly, models forced by increasing
(well-mixed) greenhouse gases also respond with an
increase in the SAM (Cai et al., 2003). These scenarios
can consequently be expected to result in continuing
observed trends in the Southern Ocean wave climate
including wave height increases and directional rotation.
Scenarios including a stabilization of greenhouse gas
emissions result in a reversal of the existing trend in the
SAM (Cai et al., 2003). Similarly, Shindell and Schmidt
(2004) force a GCM with combined greenhouse gas
increases, and stratospheric ozone recovery, where the
influence of these two factors on the SAM oppose one
another. Their findings show continuing SAM-like zonal
structure in the mid-troposphere and above due to the
greenhouse gas forcing, the surface circulation, which
controls the wave climate, displays minimal trend.

Wave-driven currents are the primary mechanism for
sand transport in the coastal zone. The strength and
direction of these currents are dependent on the direction
of the waves off the continental shelf. For example, the
most widely used equation for longshore sediment fluxes,
QS, is known as the CERC equation (Komar and Inman,
1970; Komar, 1998):

QS = K1Hb
5/2 sin(φb − θ) cos(φb − θ) (4)

Where Hb and φb are breaking wave height and crest
angle, respectively, θ is the local shoreline orientation,
and K1 is an empirical constant. Therefore, given con-
stant wave height, longshore sediment fluxes will increase
as wave direction tends away from orthogonality. A 20°

shift in direction will therefore result in large changes in
the longshore transport flux (for example, if wave direc-
tion is 10° off orthogonal, a 20° shift in direction can
result in a reversal of longshore flux along the coast
(10° other side of orthogonal), or alternatively increase
the longshore transport volume by a factor of 2.5 (to
30° from orthogonal). Shifts of such magnitude in the
longshore sediment flux will produce notable change in
the coastal sediment budget. Shifts in the position of the
shoreline (via coastal erosion or accretion) are attributed
to such changes in the coastal sediment budget, and con-
sequently, it is important to quantify the directional vari-
ance attributed to different modes of variability in the
world’s oceans.

To illustrate the effects of the directional variance of
waves along the south-western Australian margin asso-
ciated with the SAM, the autumn directional wave cli-
mate is reconstructed using the first, third and fourth
EOFs of the MAM directional wave climate anoma-
lies (which each display a significant correlation to the
SAM). The directional variance quantified in this recon-
struction is equivalent to approximately 20° change in
wave direction in the region to the west of the Aus-
tralian continent. Using a ray-tracing model to track
waves across the continental shelf in this region, we

find 20° change in offshore wave direction remains of
the order 20° change in wave direction at the coast.
Given mean wave direction is near to orthogonal to
the coast in this region (similar to the example given
above), variability in wave direction of this magni-
tude can result in a north–south switch of the long-
shore wave-driven current along the coast, or signifi-
cant changes in the magnitude of the longshore sediment
fluxes.

Measurements of longshore sediment fluxes are even
more scarce than in situ wave data in the SH, and there-
fore the ability to track interannual variability and trends
in such data is impossible. Interpretation of such vari-
ability is restricted to shoreline monitoring programmes
(e.g. beach profile measurements such as those car-
ried out by Short et al. (1995, 2000)), which are few
and far between. It is hoped that this study can stim-
ulate interest in similar programmes to determine the
measured effect of wave direction, and its relationship
to the SAM, on shoreline position along the southern
and western Australian margin, and elsewhere in the
SH. Such monitoring programmes will benefit further
modelling of climate change and consequent shoreline
response to enable better adaptation to future coastal
changes.
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