
265

Australian Meteorological and Oceanographic Journal 60 (2010) 265-275

Wind waves and their relationship to storm 
surges in northeastern Bass Strait

Manuscript received: April 2010

Julian G. O’Grady and Kathleen L. McInnes
CSIRO Marine and Atmospheric Research, Aspendale, VIC, Australia

The wave climate in eastern Bass Strait and its relationship to extreme sea lev-
els occurring along the Ninety Mile Beach are investigated using wave data 
from Kingfish B platform. The analysis reveals that significant wave heights in 
eastern Bass Strait are approximately forty per cent lower than those occurring 
at sites on the west coast of Tasmania and southern Australia and ten per cent 
higher than those at Eden on the east coast. Wave periods are lower than the 
western sites and Eden by thirty per cent and ten per cent respectively. Wave 
events, defined as episodes of significant wave height greater than 2 m for at 
least half a day, were most commonly associated with winds with a westerly 
component (73 per cent of cases).  Sea level anomalies at Lakes Entrance were 
positive in 73 per cent of the wave events and greater than 0.2 m in just over 
half of these indicating that the associated weather conditions also contrib-
uted to a storm surge. For the remaining events, which were associated with 
winds with an easterly component, sea level residuals were in the range of ±0.2 
m. Wave model simulations were undertaken for three wave events associated 
with different prevailing wind conditions to determine how the waves were 
likely to impact on wave setup along the Ninety Mile Beach. Significant wave 
heights at the coast were found to be most strongly attenuated in the westerly 
wind case where winds were directed alongshore compared to the southerly 
and easterly wind cases where there was a larger onshore component to the 
winds and hence the waves. However, the highest storm surge events along 
this coastline occurred under westerly wind forcing suggesting that under the 
circumstances that are most favourable for storm surges along this section of 
coast, wave setup is not likely to further elevate coastal sea levels. In the easterly 
event wave setup is larger, but sea level residuals tend to be low or negative. 
The event for which the winds had a large southerly component yielded a situ-
ation where both wave setup and surge combined to produce larger coastal sea 
levels.

Introduction 

Rising sea levels and possible changes to extreme events due 
to global warming are creating concern about the potential 
impacts of climate change on low-lying coastal settlements. 
This is due to the unprecedented growth of coastal 
communities over the last 50 years or so which has led to 
billions of dollars worth of development and infrastructure 
in the coastal zone with possible exposure to the physical 
impacts associated with climate change. To ensure the safety 
of growing coastal communities and to avoid economic losses 
in the future, there is a need to enhance understanding of the 
vulnerability of coastal systems and improve the capacity to 
model the likely range of climate change impacts. Nicholls 
et al. (2007) note that there remain key uncertainties at the 

scale of coastal cells on the order of hundreds of metres to 
kilometres and further research at these scales is needed 
to further support climate change adaptation and coastal 
management. Nicholls et al. (2007) also note that the strong 
focus on understanding sea-level rise needs to be broadened 
to include all the climate drivers in the coastal zone. 
 There are two classes of coastal hazard that will be 
worsened by increasing global warming and rising sea levels. 
The first is coastal inundation during storm events, and the 
second is ephemeral and chronic coastal erosion leading 
respectively to short and long-term coastline recession. 
Coastal inundation is most likely to occur during periods of 
extreme sea levels due to storm surges particularly when 
in combination with high tides, land-based flooding from 
extreme rain events and waves. Coastal inundation events 
are expected to increase in the future due to sea-level rise. 
The frequency and severity of the storm surges themselves 
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may also change if climate change influences the behaviour 
of the storms responsible for storm surges. 
 Wind driven waves can also contribute to higher than 
normal sea levels that occur at the coast during storm events 
through wave setup and wave runup, both of which occur as 
a result of wave breaking in the coastal zone. Wave setup is an 
increase in the mean water level shoreward of the region in 
which breakers form at the seashore, caused by the onshore 
momentum flux against the beach, while wave runup is the 
maximum vertical uprush of water on a beach or structure 
above the still water level following wave breaking (see 
Fig. 1). The relative contribution of wave setup and storm 
surge to sea-level extremes depends on a number of factors 
including continental shelf width, coastal orientation with 
respect to the prevailing winds during storm events and 
coastal features such as headlands, bays and estuaries which 
can either shelter the coast or amplify the meteorologically 
driven extreme sea levels. A wide continental shelf (such 
as is found over much of northern and southern Australia) 
tends to amplify the height of storm surges yet helps to 
remove wave energy and hence diminish the height of waves 
reaching the shore. On the other hand, narrow continental 
shelves such as occur along the NSW coast and parts of the 
south and west coasts limit the storm surge height but allow 
higher waves closer to shore meaning that the contribution 
to sea-level extremes through wave setup will be larger. 
McInnes and Hubbert (2001) estimate that up to 50 per cent 
of elevated sea levels experienced along the NSW coast due 
to weather events such as east coast lows may be caused by 
wave setup.

 The various synoptic weather systems responsible for 
producing storm surges in eastern Bass Strait were studied 
in McInnes et al. (2005). These were found to be comprised of 
cold fronts (~69 per cent of events) which are associated with 
westerly or southwesterly winds, Tasman lows (~23 per cent 
of events) associated with southerly or southeasterly winds 
and East Coast lows (~6 per cent of events) and Continental 
lows (~2 per cent) associated with easterly to northeasterly 
winds. The largest storm surges were associated with the 
frontal systems.  McInnes et al. (2009a) estimate that for a 
given return interval of storm surge height, the highest 

storm surges along the open coast of Victoria occur along 
the Ninety Mile Beach. However, the additional contribution 
to the extreme sea levels along this coastline from waves was 
not considered. A question of interest in the present study is 
whether wave setup has the potential to further contribute 
to extreme sea levels along this coastline. 
 The broader aim of the work described in this study is 
to develop a capability to estimate the contribution of wave 
setup to storm surge events. As a first step towards this aim, 
this study examines the nature of high wave events under 
the different weather forcing in eastern Bass Strait using 
wave measurements from a pressure gauge at 10 m below 
mean sea level situated at ‘Kingfish B’ oil platform. The 
wave statistics generated from the data from this gauge are 
compared to those occurring further north along the east 
coast and southwest along the west coast of Tasmania. A 
threshold approach is used to identify high wave events in 
the record and these are examined in terms of the dominant 
wind direction associated with the high wave events and 
compared to similar characteristics associated with storm 
surge events in eastern Bass Strait. This provides an 
insight into the relationship between high wave and surge 
events along this section of coastline which will inform the 
development of approaches to estimating sea-level extremes 
along this and possibly other coastlines in subsequent work. 
 Storm surges are captured on an extensive network of 
tide gauges as sea-level residuals (the sea-level perturbations 
that remain after the known astronomical tides are removed). 
However the tendency to site tide gauges in sheltered 
locations such as estuaries away from the open coastline 
means that wave setup along the greater open coastline 
is not usually measured. Wave setup measurements are 
therefore extremely limited and are mainly the result of 
dedicated short term observational studies in a small 
number of locations (e.g. Hanslow and Nielsen 1993; Nielsen 
and Hanslow 1995 in Australia and Battjes and Stive 1985 in 
the Netherlands). An alternative approach to estimating the 
contribution of waves to wave setup on the open coastline 
is to employ numerical wave models (Wolf 2008; Callaghan 
et al. 2006). In this study, a wave model is used to explore 
the wave fields generated by three different high wave 
events; one produced by westerlies that coincided with a 
storm surge, one produced by easterlies and one produced 
by southerly winds. Analysis of the modelled wave fields 
provides information on how the wave field varies under 
different wind forcing conditions in the coastal zone. 
 The remainder of this study is structured as follows. 
The next section describes the data and methodology. In 
following sections, the wave climate in eastern Bass Strait 
is described and the relationship between high wave events, 
wind direction and storm surges is investigated, following 
which simulations of the wave field under different synoptic 
forcing are undertaken to examine the wave field response 
resulting from different weather systems. Finally, results and 
future work are discussed.

Fig. 1  Schematic diagram showing the relative contribu-
tions from various coastal and oceanic processes that 
lead to coastal inundation.
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Data sources and event description

Wave data used in this study were obtained from the ‘Kingfish 
B’ oil platform (hereafter referred to as KFB) located on the 
edge of the continental shelf in eastern Bass Strait (38.58S, 
148.18°E) (see Fig. 2). Hourly values of significant wave 
height (Hs) and peak wave period (Tp) were available over 
the years 1990 to 2000 with the exception of 1997 for which 
the data was missing. Also available from KFB were the 
wind speed and direction from an anemometer mounted 44 
m above sea level. 
 Sea-level data over the period 1974 to 2000 were available 
from a tide gauge at Lakes Entrance (Grayson et al. 2004). 
Astronomical tides were removed from the record using 
a low pass filter (Godin 1972) leaving a series of sea-level 
residuals, which are the fluctuations in sea level due mainly 
to the effects of weather. 
 The wave and sea-level residual data were used to 
investigate the relationship between storm surges and high 
wave events in eastern Bass Strait as well as to select suitable 
events for wave modelling. Wave and storm surge events 
were selected from the respective time series using a simple 
threshold approach as used in McInnes et al. (2009a). For the 
wave data, a twelve point smoother was firstly applied to 
the hourly KFB observations to minimise the noise and aid 
the identification of high wave events. A population of high 
wave events were then selected on the basis that the mean 

significant wave height exceeded two metres for greater 
than twelve hours. For storm surge, an event was defined 
as an interval of days over which the filtered daily maximum 
sea-level residual exceeded 0.2 metres for a minimum 
duration of two days.  The distance between KFB and Lakes 
Entrance is around 80 km and so the typical travel time of 
waves is around three to six hours based on the deep water 
wave group velocity equation cg = 0.78T, where cg is the 
deep water group velocity and T is the wave period (around 
5 to 9 s) which is within the twelve-hour window used for 
selecting wave and surge events. Wave events were found 
to be more frequent and shorter-lived than the storm surge 
events as illustrated in Fig. 3 showing the sea-level residual 
and significant wave height over a two month period in 
September and October of 1996. This figure also shows that 
more than one high wave episode may occur during the 
course of a single storm surge event. The sea-level height is 
taken at the time of maximum significant wave height. Note 
that this does not necessarily coincide with the maximum 
sea level due to the storm surge event. 

 The 10 m winds required to force the wave model were 
obtained from the 6-hourly 1.875°×1.875° resolution U.S. 
National Centers for Environmental Prediction (NCEP) 
reanalyses (Kalnay et al. 1996). The ability of the NCEP 
reanalysis data to represent the winds associated with high 
wave events was examined. Wind speeds at KFB were firstly 
reduced from 44 m to 10 m using the wind power law with 
an exponent of 0.11 following Hsu et al. (1994). The adjusted 
maximum wind speed at KFB during each wave event is 
plotted against the maximum wind speed from the nearest 
grid cell in the NCEP reanalyses linearly interpolated to one 
hour sampling over the same time period (Fig. 4). The wind 
direction at KFB is indicated by the arrows on the figure. The 
slope and intercept of the lines of best fit and the correlation 
coefficients are tabulated in the upper inset for all winds as 
well as for winds with westerly and easterly components 
and show that wind speeds in the NCEP data are generally 
underestimated in the vicinity of the KFB platform, and 
the underestimation is more pronounced in easterly wind 

Fig. 2  Map showing the domain of the outer model grid. The 
regions over which the inner nested models are run 
are indicated with rectangles and an enlargement of 
the innermost model domain is shown in the inset. 
Modelled wave setup shown in Figs 6 to 8 are extract-
ed from the point marked with a black ‘X’. NCEP wind 
grid points are indicated with a blue crosses. Loca-
tions of wave rider buoys at Cape de Couedic, Cape 
Sorell, Eden and Kingfish B are indicated.

Fig. 3  Time series of smoothed significant wave height (red 
line) and sea-level height residual (blue line) over a 
two-month period from September to October 1996. 
Tick marks are at 0000 UTC. At the top of the plot, 
boxes in blue indicate storm surge event windows 
and red boxes indicate high wave event windows. 
Note missing data in the sea-level residual at the start 
of October and that negative sea-level residuals to-
wards the end of October are not plotted.
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events. Correlations between NCEP reanalyses and adjusted 
KFB wind speeds are highest for the wave events associated 
with westerly winds (0.78) and lower for those associated 
with easterly winds (0.53). The lower correlation for easterly 
wind events may be due to the smaller spatial scale of the 
synoptic events typically associated with severe easterly 
winds in this region such as east coast lows (e.g. McInnes 
and Hubbert 2001; Hopkins and Holland 1997; Katzfey and 
McInnes 1996) which are not as well captured by the NCEP 
model.
 The events represented by the data pairs in Fig. 4 are 
also separated into those wave periods greater than, and 
less than or equal to, 9 s to assess events associated with 
swell and storm waves. The slopes and intercepts of the 
lines of best fit and the correlation coefficients (tabulated in 
the lower right inset of Fig. 4) show that NCEP winds agree 
more closely with observations in events dominated by swell 
which include low wind speed events compared to events 
dominated by storm waves. 
 Three events, one with predominantly westerly, one 
with easterly and one with southerly wind conditions, are 
selected from the population of wave events for the purpose 
of wave modelling, in that section of the paper. The synoptic 
weather charts are shown in Fig. 5. The first event, referred 
to as event W, was a cold front which travelled along the 

southern coast and brought westerly winds of around 15 
ms-1 to the southern Australian coast from 25-28 May 1994 
(Fig. 5(a)). Figures 6(a) and (b) compare the wind direction 
and adjusted speed recorded at KFB with the equivalent 
fields from the NCEP reanalyses at the location of KFB. 
The wind direction is uniformly westerly throughout the 
period shown and this is well captured in the NCEP data. 
The maximum wind speeds are slightly underestimated in 
the NCEP data particularly during 26-27 May. Figure 6(c) 
shows the sea-level residuals for this event, which produced 
a storm surge along the southern Australian coast and has 
been modelled previously by McInnes et al. (2009a,b) and 
McInnes and Hubbert (2003). 

Fig. 4  Observed wind speed at KFB averaged over the 
twelve hours centred on the time of the maximum 
Hs of each event versus the same quantity obtained 
from the NCEP reanalyses. For each data pair, the di-
rection of KFB wind is indicated with a vector in red to 
denote winds with a westerly component and in blue 
to denote winds with an easterly component. Upward 
(downward) pointing arrows denote southerly (north-
erly) winds. The slope and intercept of the line of best 
fit and the correlation coefficient are tabulated in the 
insets for all points and also points for which Tp was 
greater than, and less than or equal to, 9 s.

Fig. 5  Mean sea level pressure charts for (a) event W at 0000 
UTC 26 May 1994, (b) event E at 0000 UTC 29 Sep-
tember 1996 and (c) event S at 0000 UTC 6 December 
1995.
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 The second event, ‘event E’, consisted of a low pressure 
system that developed on the southern mainland coast near 
the border of South Australia and Victoria on 28 September 
1996. Winds over eastern Bass Strait were easterly on the 
28th and 29th, and exceeded 20 ms-1 (Fig. 5(b)). The NCEP 
reanalyses capture the wind direction well except for the 
timing of sudden directional shifts (Fig. 7(a)). The six-
hourly temporal resolution of the NCEP data may have 
contributed to the poor agreement between the timing of 
the wind direction changes. However, the wind speed is 
underestimated by up to 30 per cent particularly around the 
time of the maximum wind speed at 0000 UTC 29 September 
1996 (Fig. 7(b)). This is consistent with the overall tendency 
of the NCEP data to underestimate winds more frequently 
during easterly wind events as seen in Fig. 4.  The sea-level 
residuals are at a minimum value of 0.15 m at the approximate 
time of the Hs maximum on 28 September (Fig. 7(c)).
 The third case, ‘event S’, consisted of a low pressure system 
that developed in the Tasman Sea on 5 December 1995 over 
the southeast of Australia at about 37°S (Fig 5(c)). Winds in 
Bass Strait shift from easterly to westerly during the course 
of this event and are southerly with a speed of about 14 ms-1 
at 1200 UTC on 5 December (Figs 8(a), (b)). The highest waves 
just over 4 m occur on 5 December and the highest sea-level 
residuals exceed 0.3 m as the winds at KFB are declining in 
value suggesting that swell which propagates into eastern 
Bass Strait from further afield is contributing to the high 
waves. The wind direction from the NCEP reanalyses show 
reasonable agreement with observations on 5 December but 
wind speeds are underestimated by about 30 per cent and 

peak six hours later than observations. Sea-level residuals 
show a gradual rise in magnitude to just over 0.3 m at 1800 
UTC on 5 December about twelve hours after the maximum 
recorded Hs (Fig. 8(c)).

Wave characteristics in eastern Bass Strait

Wave climate
This section provides a brief description of the wave climate 
at KFB. Table 1 presents the annual average significant wave 
height and period for KFB as well as for Cape de Couedic 
and Cape Sorell from Hemer et al. (2008) and for Eden from 
Lord and Kulmar (2000) (see Fig. 2 for locations). Average 
significant wave heights at KFB are approximately 40 per 
cent lower than those to the west of Bass Strait at Cape de 
Couedic and Cape Sorell and approximately ten per cent 
higher than on the east coast at Eden. Wave periods at KFB 
are also lower by just over thirty per cent compared to those 
to the west of Bass Strait and are about ten per cent lower 
than those at Eden.  This is a result of the fetch-limited 
conditions that exist in Bass Strait where a portion of the 

Fig. 6  (a) wind direction, (b) wind speed at KFB (observed: 
blue circles and NCEP reanalyses: red line), (c) sig-
nificant wave height and (d) wave period at KFB (ob-
served: blue circles and SWAN modelled: red line) for 
event W over the period 25 – 28 May 1994. The green 
circles and the purple dotted line on (c) are respec-
tively, the sea-level residuals at Lakes Entrance and 
the modelled wave setup at point X (see inset on Fig. 
2) with scale shown on the right side of the figure 
(note that in this event the modelled wave setup was 
zero).  Vertical dotted lines (tick marks) are at 0000 
UTC on each labelled day.

Fig. 7  Same as Fig. 6 but for 27 - 30 September 1996.

Fig. 8  Same as Fig. 6 but for 4 - 7 December 1995.
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long period waves from the southern ocean are blocked by 
Tasmania. 
 Table 2 indicates that waves at KFB exhibit a weak seasonal 
cycle with highest significant wave heights and longest peak 
period waves occurring during winter and early spring. This 
seasonal cycle is less pronounced than at locations to the 
west of Bass Strait (Hemer et al. 2008). However, the small 
seasonal variability is consistent with that observed on the 
east coast (Short and Trenaman 1992).
 An empirical cumulative distribution was derived 
from the raw hourly wave data at KFB to determine the 
exceedence probabilities of significant wave height (Table 3) 
and wave period (Table 4). Similar statistics for Eden taken 
from Lord and Kulmar (2000) are also presented in Tables 3 
and 4. Waves at KFB are 9.6 per cent more likely to exceed 2 
m than waves observed at Eden, 4.3 per cent more likely to 
exceed 3 m and 0.5 per cent more likely to exceed 4 m. The 
average wave period at KFB is 8.40 s, which is 1.04 s shorter 
than the average wave period at Eden (Table 4). The higher 
wave periods at Eden suggest a greater dominance of swell 
waves at Eden than at KFB. 

The relationship between high wave events and storm 
surge
In this section, the relationship between wind speed and 
direction and wave and storm surge events is investigated 
and approximate estimates of recurrence intervals provided. 
The wind speed distribution associated with the maximum 
significant wave heights from each wave event, sorted into 
45° bins centred on eight compass directions, is shown in 
Fig. 9(a). It indicates that 424 wave events were captured 
with a 2 m threshold (~1 per week), 81 events for 3.5 m 
threshold (~1 per month) and only 15 events (~2 per year) for 
a threshold of 4.5 m.  
 Figure 9(b) shows the equivalent distribution for 
maximum surge levels from each surge event. This shows 

	
Mean Hs sd Mean Tp sd

Cape de 
Couedic

2.63 0.26 12.74 0.42

Cape 
Sorell

2.94 0.40 12.47 0.39

Kingfish B 1.67 0.09 8.38 0.38

Eden 1.53 N/A 9.44 N/A

Table 1 Annual average wave characteristics. Note standard 
deviations not available for Eden (Lord and Kulmar 
2000). 

 Hs sd Hs_99th% Tp sd Tp_99th% No_
Obs

Jan 1.64 0.67 3.58 7.83 1.75 13.27 4832

Feb 1.69 0.75 4.09 8.14 2.11 14.17 4063

Mar 1.62 0.77 4.24 8.32 2.18 13.74 4615

Apr 1.66 0.84 4.13 8.43 2.12 13.61 4295

May 1.45 0.73 3.92 8.69 2.50 15.06 4842

Jun 1.71 0.87 4.21 8.80 2.48 14.53 5129

Jul 1.74 0.83 4.30 9.00 2.51 15.05 5509

Aug 1.70 0.83 4.12 8.66 2.57 15.34 5120

Sep 1.80 0.93 4.48 8.60 2.21 13.97 5157

Oct 1.59 0.79 4.00 8.37 2.21 14.74 4955

Nov 1.78 0.92 4.79 7.76 1.83 12.71 4346

Dec 1.66 0.79 3.91 7.96 1.92 13.12 5395

Mean 1.67 0.81 4.15 8.38 2.20 14.11 4855

SD 0.09  0.29 0.38  0.81 431

Table 2  Monthly mean, standard deviation and 99th percen-
tile values of significant wave height (Hs) and peak 
wave period (Tp) at KFB.

Table 3  Probability of exceedance of significant wave height 
(Hs) at KFB and at Eden.

 

Probability of Exceedance

Significant Wave 
Height (m)

KFB Eden KFB-Eden

0.5 99.8 98.6 1.2

1.0 77.9 80.6 -2.7

1.5 47.4 44.3 3.1

2.0 28 18.4 9.6

2.5 15.4 7.6 7.8

3.0 7.7 3.4 4.3

3.5 3.5 1.7 1.8

4.0 1.3 0.8 0.5

4.5 0.5 0.4 0.1

5.0 0.2 0.2 0

5.5 0 0.1 0

6.0 0 0 0

6.5 0 0 0

Average Hs 1.67 1.53

No Records 58,258 114,095

Capture (%) 67.3 78.7

Table 4 Probability of exceedance of peak wave period (Tp) at 
KFB.

Probability of 
Exceedance (%)

Period (seconds) KingfishB Eden

4 100.00 99.74

6 86.00 92.1

8 50.40 72.89

10 23.40 42.76

12 7.70 17.99

14 1.40 2.11

16 0.30 0.24

Average Period 8.40 9.44
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that 122 storm surge events were captured with a 0.2 m 
threshold (~1.5 per month), 33 events for 0.35 m (~5 per year) 
and only 8 events (~1 per year) for a threshold of 0.45 m. 
The storm surge events are mainly associated with winds 
containing a westerly component (58 per cent westerly; 
33 per cent southwesterly, 2 per cent northwesterly). The 
remaining 7 per cent of events are associated with southerly 
winds. 
 The range of sea-level residuals that occur during high 
wave events are examined by regressing the maximum wave 
values from each event with the residual sea-level height at 
the time of the wave maximum (Fig. 10). For each data pair, 
the wind speed and direction at the time of the maximum 
is illustrated with a vector. To further aid interpretation the 
winds with a westerly (easterly) component are shown with a 
red (blue) arrow.  For winds with a westerly component there 
is a positive correlation between significant wave height and 
surge height and 51 per cent of wave events with a westerly 
wind component coincide with a surge of at least 0.2 m. For 
winds with an easterly component, sea-level residuals range 
from around ±0.2 m with the positive sea-level residuals 
usually occurring when the wind has a stronger southerly 
component. Negative sea-level residuals usually occur 
under easterly to northeasterly wind conditions. In these 
situations, coastal currents generated in the direction of the 
wind, become deflected to the left due to Coriolis forcing on 
inertial time scales and produce set-down or negative sea-
level residuals at the coast.
 This analysis shows that for waves at KFB, the highest 
wave events occur most frequently with westerly wind 
events and are usually associated with a storm surge in 
northeastern Bass Strait.  However, high wave events can 
also occur during easterly wind events when a weak or a 
negative surge is present. 
 As a general rule of thumb, wave setup at the coast is 
about fifteen to twenty per cent of the incident root-mean-
square wave height (WMO 1988). However, the wave setup 
decreases as the wave direction relative to the coast deviates 
from normal, i.e. the wave obliquity increases (e.g. Hsu et 
al. 2006; Hsu and Lan 2009). To investigate the relationship 

between wave direction and coastal wave heights in more 
detail, a wave model is used in the next section to simulate 
the waves over eastern Bass Strait for three examples of high 
wave events that have occurred under different prevailing 
wind conditions. 

Wave modelling

The Simulating WAves Nearshore or SWAN model (Booij 
1999) was used to investigate the characteristics of the wave 
field over eastern Bass Strait. SWAN is a third-generation 
spectral wave model (i.e. a model that solves the non-linear 
wave-wave interactions) developed for the simulation of 
waves in deep, intermediate and shallow water.

Model configuration 
The model was run over three regions (Fig. 2). The larger 
outer grid covering southeastern Australia was set up with 10 
km grid resolution to capture remotely generated waves that 
propagate into the eastern Bass Strait region as swell. The 
second model grid over northeastern Bass Strait with 1 km 
grid resolution was nested within the 10 km model. To model 
wave setup, a third grid was set up near Lakes Entrance on 
a 50 m resolution grid (see inset on Fig. 2). Bathymetric 
data for the model grids was obtained from the Geoscience 
Australia (formerly AGSO) 30 second bathymetry data-set. 
Wind forcing was obtained from the NCEP reanalysis for the 
10 and 1 km grids. On the 1 km grid and 50 m grids wave 

Fig. 9  The frequency of (a) wave events and b) storm surge 
events partitioned according to the average wind di-
rection and wind speed over twelve hours around the 
time of the wave peak.

Fig. 10 Residual sea level heights at the time of the maxi-
mum Hs during each event plotted as a function of 
maximum Hs. The wind speed and direction at the 
time of the maximum Hs is indicated by a vector with 
red vectors denoting winds with a westerly compo-
nent and blue denoting winds with an easterly com-
ponent. Bold vectors indicate high wave events that 
coincide with a sea level residual > 0.2m. The three 
events referred to in Fig. 5 are indicated by the letter 
indicating their direction. 
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data from the 10 km and 1 km simulations respectively were 
applied as boundary condition at the seaward boundaries. 
Models were started at least 24 hours prior to the dates 
presented in Figs 6 to 8 to allow for model spin-up. No wind 
forcing was applied on the 50 m grid. Model simulations were 
performed for event W from 24-28 May 1994, event E from 
26-30 September 1996 and event S from 3-7 December 1995. 
Comparisons were made between modelled and observed 
significant wave height, Hs, and wave period, Tp, at KFB 
using the 1 km grid simulations. There is no observational 
data with which to compare wave setup calculations. These 
are presented to illustrate the relative contribution of the 
setup from the events of different dominant wind direction 
over a stationary beach shape. Note that setup is not only 
determined by wave conditions but is very sensitive to beach 
shape and can change significantly over short distances.
 Version 40.72AB of SWAN was used with the Komen 
method for exponential wave growth/evolution. Several 
parameters in SWAN can be calibrated since the processes 
they influence are insufficiently understood (WISE Group 
et al. 2007). These include the parameters that control 
whitecapping and dissipation. However, since there are so 
few data against which to calibrate the model and since the 
exercise here is to use the model to compare the relative 
contribution of the waves under different directional wind 
forcing, the default settings for these parameters were 
used, 2.36e-5 for Cds , the coefficient controlling the rate of 
dissipation and 3.02e-3 for sPM

2, the value of wave steepness 
for a Pierson-Moskowitz spectrum. Wave setup in SWAN 
is estimated from the divergence of the driving force field 
i.e. the rotation-free part of the radiation stress gradients. 
This is an approximation for slow variations in the wave 
field and is not valid near sharp features in the coastline or 
obstacles such as headlands or breakwaters (Holthuijsen 
2007). Therefore, modelled wave setup is examined only at a 
location on the coast that is relatively straight (see point X on 
Fig. 2). 

Wave modelling results 
Comparisons of model results with observations are shown 
in Figs 6 to 8 for the three events. The significant wave height 
simulated by SWAN agrees reasonably well with the waves 
observed at KFB for event W for most of the event although 
the highest modelled values are about 20 per cent lower 
than the maximum observed values on 26 May 1994 (Fig. 
6(c)).  Wave periods simulated by SWAN are smoother than 
indicated in the observations and are at a maximum of 8 s 
during much of 26 May whereas the observed wave periods 
range from 7 to 10 s. Modelled wave setup from the 50 m grid 
is plotted on Fig. 6(c) but does not exceed zero for this event. 
McInnes et al. (2009b) modelled wave setup for this event 
using a hydrodynamic model forced with wave radiation 
stresses from SWAN and also found a small contribution to 
wave setup in the order of several centimetres.
 For event E, the SWAN model generally underestimates 
the significant wave heights (Fig. 7(c)). The most significant 

underestimation occurs on 28 May and appears to be related 
to the failure of NCEP to capture the strength of the easterly 
winds associated with this event. Wave periods are generally 
underestimated throughout the event (Fig. 7(d)). On 29 
May modelled wave periods are lower by 1 to 2 s, however 
they show an increasing trend throughout 28 May in good 
agreement with the observations. The approximate 7 s 
underestimation of Tp by the model on 29 May is likely to be 
due in part to the too early wind direction change in NCEP. 
The eastern boundary of the outer grid was extended by 5 
degrees to 160º east to ensure that longer period swell waves 
were captured over the outer model grid and applied to the 
boundaries of the inner grid. With the extended domain and 
hence fetch Hs increased by a maximum of 0.23m and Tp by 
0.7s on 19 May, i.e. about a 10 per cent improvement in the 
modelled Tp on 29 May. Wave setup at point X on Fig. 2 is 
shown in Fig. 7(c) and indicates that modelled wave setup is 
less than the expected 10-15 per cent of offshore significant 
wave height. It is also less than the magnitudes simulated 
by McInnes et al. (2009b) with a hydrodynamic model for 
this event although the model grid used in that study was 
located further south along the coast than that used here and 
so was responding to waves with a more directly onshore 
component. 
 The Hs for event S are poorly captured by SWAN on 4 
and 5 December 1995 where they are only about 50 per cent 
of those measured. This may be due in part to the weaker 
than observed NCEP wind speeds. During 6 December, Hs 
are also underestimated but this is due to the wind direction 
in the NCEP winds being more southerly compared to the 
observations which transitioned from southerly to westerly 
winds during the 6th. Wave periods are also underestimated 
by up to 3 s on 5 December (Fig. 8(c)). The location of the 
eastern boundary in the outer model simulation is likely 
to have contributed to the poorer result in this event also, 
particularly since the winds on 4 December are mainly from 
the east. Wave setup at point X on Fig. 2 is shown in Fig. 8(c) 
and again shows that modelled wave setup is less than the 
expected ten to fifteen per cent of offshore significant wave 
height but not by such a large margin as for event E. 
 Figures 11(a), 12(a) and 13(a) show the significant wave 
height contours, the wind vectors and wave energy transport 
vectors at around the time of the observed event maxima 
from the 1 km simulations. The values of the significant 
wave heights at KFB vary from around 4 m, 3 m and 1.5 m 
for events W, E and S respectively. However, at the coastal 
point ‘LKS’, significant wave heights show relatively greater 
attenuation in event W compared to events E and S.
 The set of wave energy density spectra (EDS) at points 
located 2 km offshore from Ninety Mile Beach (location 
‘LKS’) and at KFB platform (Figs 11-13(b) and (c)) reveal the 
difference between the wave energy (proportional to the 
square of the significant wave height) at the two locations 
under the different meteorological forcing. In event W, at 
KFB (Fig. 11(c)) higher wave energy (i.e. higher waves) with 
wave periods of between five and fifteen seconds propagate 
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toward the northeast. At LKS (Fig. 11(b)) the wave energy 
is lower than at KFB (Fig. 11(c)) indicating lower significant 
wave heights at the coast with a larger proportion of  the 
waves associated with shorter period waves originating 
locally from the south to the southeast. The energy transport 
at LKS in the shore normal direction is -1790 Wm-1 (i.e. 
directed offshore).  
 In event E, the wave energy density shown in Figs 12(b) 
and 12(c) indicates that while significant wave heights (as 
implied by the wave energy) are smaller at KFB compared 
with event W (Fig. 11(c)), more of the wave energy is 
transported towards the coast at location LKS resulting in 
values of energy at the coast of around 200 Wm-1, similar 
to case W. Figures 12(b) and (c) also indicate that wave 
refraction has taken place such that the waves are directed 
onshore at location ‘LKS’ compared to those at KFB which 
are propagating towards the west. The energy transport at 
LKS in the shore normal direction is 1992 Wm-1 (i.e. directed 
onshore).   
 Under event S, waves at KFB and LKS are from the south-
southeast (Figs 12(b) and 12(c)). The energy density spectra 
indicate a peak at around 7 s both at KFB and LKS indicating 
that younger waves are reaching the coast compared with 
the observations which indicate periods of around 9 s. The 
component of the energy transport vector in the onshore 
direction at LKS is 3832 Wm-1.   
 The model simulations show that under the synoptic 
systems that give rise to easterly and southerly winds in 
Bass Strait, wave energy is directed onshore towards the 
Ninety Mile Beach in the vicinity of location LKS leading to 
higher waves reaching the coast and by implication larger 
wave setup and a positive contribution to coastal sea levels 
through this process. However, these are the same events 

Fig. 11 Event W (a) Significant wave height (contours), wave 
energy transport (black vectors) and wind (red vec-
tors) at the time of the wave height peak at 1100 UTC 
26 May 1994 and the 2-dimensional variance/energy 
density spectrum (EDS) in polar coordinates for (b) 
a point located approximately 2 km off Ninety Mile 
Beach labelled ‘LKS’ and (c) at Kingfish B platform. 
Note that the location in polar space describes the di-
rection of the wave energy propagation in m2/Hz in 
Cartesian coordinates relative to the source, the dis-
tance from the centre of the plot indicates the period 
of the waves in seconds and the shading indicates the 
magnitude of the energy.

Fig. 12 Same as for Fig. 11 but for Event E, 1500 UTC 28 Sep-
tember 1996.

Fig. 13  Same as for Fig. 11 but for Event S, 0600 UTC 5 De-
cember 1995.
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that were shown in Fig. 10 to be associated with small or 
negative sea-level residuals due to storm surge. The westerly 
wind events on the other hand, which produce a considerably 
smaller amount of onshore wave transport at the coast in 
the vicinity of location LKS, tend to be associated with much 
larger sea-level residuals due to storm surge. This implies 
that on the Ninety Mile Beach coastline, wave setup is not 
likely to produce a significant additional contribution to the 
largest storm surge events. This highlights the importance of 
coastline orientation in relation to wind and wave directions 
on wave setup at the coast during high wave events.

Discussion and conclusions

This study has examined several aspects of the wave climate 
in eastern Bass Strait. First, wave parameters from wave data 
collected at Kingfish B oil platform were compared with those 
from three sites, located on the coasts of South Australia, 
western Tasmania and southern New South Wales. It was 
found that waves are on average over 40 per cent smaller 
than those at the two sites to the west of Bass Strait and 
approximately 10 per cent higher than those occurring at the 
site on the east coast of Australia. This indicates the degree 
of sheltering of waves generated to the west of Bass Strait 
by Tasmania and, possibly, also features of the Victorian coast 
such as Wilson’s Promontory.
 Second, the characteristics of the winds that are associated 
with high wave events and storm surges are investigated. 
It is found that high wave events occur under both easterly 
and westerly wind events, but the majority, 71 per cent, of 
all events occur in conjunction with winds with a westerly 
component (mainly SW and W), while only 23 per cent have 
winds with an easterly wind component (i.e. NE, E, SE).  An 
even greater proportion of storm surges were associated with 
westerly component winds (93 per cent of events) and the 
remaining 7 per cent were associated with southerly winds 
(S). High wave events occurring in conjunction with westerly 
component winds tended to be associated with positive sea-
level residuals at the coast whereas high waves under easterly 
component winds usually were associated with small positive 
or negative sea-level residuals at the coast. 
 The final part of the study employed a wave model to 
explore the spatial pattern of the wave field over eastern Bass 
Strait under prevailing westerly, easterly and southerly wind 
directions with particular attention on the wave field closer to 
the Ninety Mile Beach coast. It was found that the shoreward 
wave energy transport and wave setup was smallest in the 
westerly event and largest in the southerly event. This result 
suggests that storm surges produced under westerly wind 
events were not likely to be further enhanced by wave setup 
but those generated by southerly wind events could be 
further enhanced along the open coast due to wave setup. 
More generally this result indicates that shoreline orientation 
with respect to the prevailing wind direction is an important 
factor in determining whether wave setup will contribute to 
extreme sea levels on the open coast.

 This study also highlighted several other issues. The first 
was the general lack of observational wave data for model 
validation. There existed only one record of significant wave 
height and period in the study region and no wave direction 
data. Although Topex and ERS-1 satellite altimeter data-sets 
can provide additional wave data in this region, none was 
available during the events simulated here. The general 
scarcity of wave data along southern Australia in general has 
been noted previously by Hemer et al. (2008). 
 In developing a greater understanding of the coastal zone 
response to climate change there also needs to be detailed 
nearshore monitoring of waves, currents, sea levels and 
bathymetry against which process-based coastal models 
can be developed and tested. Wave setup is a process that 
occurs in the surf zone on length scales of the order of 
tens of meters which is typically 100 times greater than the 
bathymetry data available for this study. Victoria will soon 
have a high resolution bathymetric LiDAR survey, developed 
as part of the Future Coasts Program of the Victorian State 
Government, and this will provide much needed bathymetric 
data on scales suitable for high resolution coastal modelling. 
However, it is important to recognise that as shorelines are 
developed, or evolve through natural and anthropogenic 
influences, such high resolution data-sets will also need to be 
updated periodically. Monitoring of other necessary coastal 
parameters such as sea levels, currents, shoreline position and 
wave parameters in the surf zone are non-existent along this 
coastline, and indeed much of the Victorian coast in general, 
and this issue needs to be addressed if credible models of 
coastal processes are to be developed to enable the coastal 
response of future wave and storm conditions to be explored.  
 Finally, this study showed that wind speeds in the 
NCEP data-set, while adequate for the investigation of 
three different synoptic systems in the present study, were 
generally underestimated in the vicinity of the KFB platform, 
particularly for events with easterly or southerly wind forcing. 
This may be due to the smaller spatial scale of the low pressure 
systems (compared to the spatial resolution of NCEP) typically 
associated with such wind directions in this region. Higher 
resolution reanalysis data-sets are needed to provide better 
representation of smaller scale storm systems at scales of tens 
of kilometres resolution to support the high resolution coastal 
modelling work discussed above. 
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