
Chapter 3

Inter-annual variability and

longer-term changes in the wave

climate of Western Australia

between 1970 and 2009

3.1 Summary

Quantifying the long-term variability in wave conditions incident on a coastline is critical

for predicting its resilience to future changes in the wave climate. In this study, a 40 year

wave hindcast of the southern Indian Ocean has been created to assess the inter-annual

variability and longer-term changes in the wave climate around Western Australia (WA)

between 1970 and 2009. The model was validated against measurements from five wave

buoys located along the WA coast. Changes in the mean annual significant wave height,

90th percentile wave height, peak period and mean wave direction were assessed and the

tracks of all wave events generating wave heights above 7m were digitised and analysed for

significant changes. Results show strong annual and inter-annual variability in the mean

significant wave height, the 90th percentile wave height and the number of large events

(wave height >7m) that impact the WA coastline. A significant positive trend in annual

mean wave height was found in the southwest region of WA over the 40 year simulation.

This appears to be due to an increase in intensity of the storm belt in the Southern Ocean
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which is associated with an increasing positive polarity in the Southern Annular Mode.

However, no significant trends were found in the 90th percentile wave height or the number

of large wave events impacting Western Australia. Although the number of large wave

events in the southern Indian Ocean have increased, their potential to impact the coastal

regions of Western Australia are reduced due to storm tracks being located further south,

therefore balancing the number of large wave events reaching the WA coast.

3.2 Introduction

Ocean surface waves are the result of momentum and energy exchange between the at-

mosphere and ocean. Waves carry the energy from storms across ocean basins before

being dissipated on the coastline (Snodgrass et al., 1966). Waves transform, refract and

break near the shore, generating currents capable of moving sediment over considerable

distances. The processes driven by the wave climate also affect the contour of the coast

and in particular the shape of sandy beaches.

Wave processes are likely to change in a warming climate (Meehl et al., 2007) and this

in turn could alter the rate and direction of sediment transport and ultimately modify the

configuration of coastlines (Coelho et al., 2009). Therefore, quantifying potential future

changes to the wave climate is an important step to adapt to, and mitigate for, the effects

of climate change on the coast. However, it is important to quantify the present and

historic wave climate and its variability to provide context for future change as the order

of magnitude of the present variability might be greater than the projected change. The

aim of this study is to examine the inter-annual variability and longer-term changes in the

wave climate around Western Australia (WA) over the past 40 years.

WA is on the eastern border of the Indian Ocean (IO) and northern border of the

Southern Ocean (SO). Hereafter, we refer to this area offshore of WA (shown in Figure 3.1a)

as the southern Indian Ocean (SIO). The SIO is subject to one of the most energetic wave

climates in the world (Sterl and Caires, 2005). High latitude strong sustained winds (the

“Roaring forties”) are not slowed by any land mass and can generate large swells which

are known to propagate far beyond the SIO (Snodgrass et al., 1966).

Only a few studies have focused on the wave climate of the SIO, in contrast with the

North Atlantic which has received considerable scrutiny from the scientific community



3.2. INTRODUCTION 25

(Woolf et al., 2002; Wang and Swail, 2002; Dodet et al., 2010). The wave climate in the

SIO was briefly described by Sterl and Caires (2005) using a global wave climate analysis.

They found the wave climate in SO was less variable than in the North Atlantic but with

larger mean wave height, which means the SO is continually rough whereas the North

Atlantic has alternating calm and rough conditions. They also found positive trends in the

February mean wave height and in the 99th percentile wave height. More recently, Hemer

et al. (2008), Hemer et al. (2010) and Hemer (2010) undertook comprehensive studies of

the wave climate in the SIO and SO using satellite altimetry, nearshore wave buoy data

and model reanalyses. Hemer et al. (2008) found that large wave events around both

western and southern Australia are the result of energy propagation from storms running

near to the coast rather than the propagation of swell from distant storms. Hemer et al.

(2010) found significant positive correlation between wave heights in the SIO and the

Southern Annular Mode (SAM), a low-frequency mode of atmospheric variability of the

southern hemisphere as well as an anti-clockwise rotation of the wave direction associated

with the SAM. They also reported strong positive trends in reanalysis derived wave height

( 5cm/year) in the SIO for the winter months and suggested that this was associated with

the positive trend observed in the SAM index. Using reanalysis information, Hemer (2010)

found a positive trend in extreme wave heights at Cape Sorell, located in the SO off the

Tasmanian coast (Figure 3.1a). This finding is interesting given that approximately 20% of

the wave events that occur in Cape Sorell are observed beforehand around southwest WA

(Hemer et al., 2008). However, this trend was not identified in wave buoy data in the same

region. Hemer (2010) warns that the trend could be an artefact from the reanalysis, which

is poorly constrained by scarce measurements in the SO. No satellite altimetry is available

in the region prior to 1970 and in-situ measurements were generally unavailable prior to the

1990’s. This problem was previously identified in the National Center for Environmental

Prediction’s (NCEP) and National Center for Atmospheric Research’s (NCAR) reanalysis

wind and sea level atmospheric pressure datasets (Hines et al. 2000; Marshall 2003).

Around WA, systematic wave recordings are rare and relatively short. At Rottnest

Island (Figure 3.1b) and Cottesloe, continuous wave measurements have been made since

1994. Later, continuous recordings were started at Jurien Bay, then Cape Naturaliste,

then Albany and lastly Esperance and Exmouth (Figure 3.1, Table 3.1). Lemm et al.

(1999) described the wave climate at Rottnest Island using 2.5 years of wave buoy record.
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Figure 3.1: (a) The southern Indian Ocean and the area of focus of this study (dashed
line) and (b) Western Australia and the location of the wave buoys

Table 3.1: Wave Buoys in Western Australia and their duration, location and depth
information.

Locality Longitude (°) Latitude (°) Depth (m) Start year Directional

Esperance 121.900 -34.000 52 2006 –
Albany 117.722 -35.198 60 2005 2008

Cape Naturaliste 114.764 -33.535 50 1999 2009
Cottesloe 115.687 -31.978 17 1994 2010

Rottnest Island 115.408 -32.094 48 1994 2004
Jurien Bay 114.914 -30.292 42 1998 2009

Exmouth 114.099 -21.699 54 2006 2006

The fact that the short record analysed included one of the stormiest years for southwest

WA (i.e. 1996) mostly likely biased their results. Further, the record used by Lemm et al.

(1999) was too short to adequately evaluate any inter-annual variability. In addition, no

directional data were recorded at Rottnest until 2004. Currently there are 16 years of

wave data for Rottnest Island, but a minimum of 30 years is recommended by the World

Meteorological Organization (IPCC 2007) to undertake detailed analysis of inter-annual

variability and to assess longer-term historic trends. The intensification and anticlockwise

rotation of the wave climate in the SIO was identified by Hemer et al. (2010), neither

the intensification nor the rotation of the wave has been identified in Rottnest wave buoy

records (This study). This is because of the limited availability of directional wave data

in the region.

In this study, due to the limited measured wave record around WA, a 40 year wave

hindcast of the SIO has been created and validated against the measured dataset. The
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wave hindcast record has been used to assess the inter-annual variability and longer-term

changes in the wave climate around WA between 1970 and 2009. The work described in

this paper is part of a larger study to examine the potential impacts of changes in the wave

climate to the sandy coastline of WA. It has been suggested that climate change will drive

a southward shift of the storm belt associated with the SAM (Kushner et al., 2001). This

could lead to a reduction of the mean wave height around southwest WA, as suggested by

(Wang and Swail, 2006; Mori et al., 2010), and the rotation of the mean wave direction

anti-clockwise (Hemer et al., 2010), which in turn could affect the sediment dynamics in

the nearshore. It is therefore important to assess the inter-annual variability of the wave

climate around WA and determine if there is evidence of any long-term historic changes.

This will allow us to better comprehend the consequences potential future changes in the

wave climate will have on the WA coast.

The structure of the chapter is as follows: Following the introduction, a description

of the wave model hindcast is presented in Section 3.3 and the validation exercise is also

described. The results are given in Section 3.4. Section 3.5 contains a discussion of the

key results and conclusions are given in Section 3.6.

3.3 Wave model configuration and validation

3.3.1 Model configuration

In order to evaluate the annual and inter-annual variability of the surface ocean waves

around WA with high temporal and spatial resolution, a wave model has been set up for

the SIO using the WAVE WATCH III � version 3.14 (WW3) (Tolman, 2009). WW3 is

used by National Oceanic and Atmospheric Administration (NOAA) for operational global

wave prediction. It is a third generation wave model that solves the random phase spectral

action density balance equation for wave-number-direction spectra (Tolman, 2009).

The model was configured with a domain made up of a mosaic of four grids shown in

Figure 3.2. These include: a 10' (∼15km) grid covering the extent of the continental shelf

of WA; a 0.5° grid over the southeast Indian Ocean to provide an intermediate resolution

to the finer grid; another 0.5° grid covering the storm track in the SO and a 1° grid over

the rest of the SIO. The four grids were linked with an obstacle grid to account for islands

and shoals that are not resolved by the grid resolution (Tolman, 2003). The bathymetric
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Table 3.2: Wave age tuning parameter used for each model grid

Grid 1 Grid 2 Grid 3 Grid 4 Default

Wave age parameter 0.015 0.016 0.016 0.018 0.011

data used to generate all four grids were derived from the 2' global seafloor topography

from Smith and Sandwell (1997).

The model was forced with the NCEP/NCAR reanalysis (NNR) wind fields (Kalnay

et al., 1996; Kistler et al., 2001). This dataset was selected because its pressure fields (and

hence wind) are similar than the more recent climate analysis products NCEP/NCAR

reanalysis 2 (Kanamitsu et al., 2002; Pezza et al., 2008). The climate forecast system

reanalysis (Saha et al., 2010) is of superior quality, but with a limited time span (1979 to

2009). The NNR is a global meteorological reanalysis covering the period from 1948 to

present. However, the wave model was only forced with wind fields from 1970 to 2009,

representing a 40 year hindcast. The earlier two decades of the NNR were ignored as they

are deemed to be unreliable in the SO (Hines et al., 2000). The 6-hourly NNR wind fields

are distributed on a Gaussian grid and were interpolated to a 1° grid. WW3 automatically

interpolates the forcing to the model grids with finer resolution using an approximately

quadratic interpolation scheme in both space and time. Although sea ice is present in the

SO during the winter months, ice coverage was not included in the model. This is not

expected to be a major source of error in the model near WA.

The model was parameterised using WAM 4 definitions and parameters (see Tolman

(2009) for details). Only the wave age parameter was adjusted to improve the model

accuracy. The values for the wave age parameter for each grid was calibrated, the selected

values are presented in Table 3.2. For more details and discussion about the wave age

parameter see Ardhuin et al. (2009) and Tolman (2009).

3.3.2 Model validation

The wave model was validated against measurements from five wave buoys located along

the WA coast (Figure 3.1b). Details of the duration and location of the wave records

are given in Table 3.1. Esperance was ignored because it is located near to the model

boundary. The Cottesloe record was also not used because it is located in shallow water.

Each of the five selected wave buoys is located in intermediate water depths (40-60m; see
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Figure 3.2: Mosaic of bathymetry grids used in WW3; the extent of the figure shows the
extent of the coarser grid

Table 3.1).

The 3-hourly model outputs were compared with the measurement data for the periods

available at each station. Figure 3.3 shows the significant wave height scatter diagram of

the combined five wave buoy records. The model can be seen to accurately reproduce

the significant wave height across the five validation sites with a relatively narrow spread.

The Root Mean Square Error (RMSE), averaged over the five stations, is 0.53m with a

bias of -0.04m. RMSE for each station are presented in Table 3.3. Figure 3.4a shows the

monthly mean measured and predicted wave heights. Again, the model is in very good

agreement with the measured data (average RMSE of 0.26m). This shows that while the

model does not capture all the variability of the wave height (i.e. the spread shown in

Figure 3.3) the mean wave climate is accurately predicted. The model underestimates

the mean wave height at Albany (shown by empty circles in Figure 3.4a), the continental

shelf adjacent to Albany is narrow (approximately 30km wide) and represented by only

two nodes on the finer grid. Hence, the model resolution is likely to be responsible for

the underestimation of the wave height at this location. Figure 3.4b shows a comparison
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Figure 3.3: Scatter diagram of measured and predicted significant wave height for five
wave buoys. The colour scale represents the sample density expressed in number of points
per m2

between the measured and modelled 90th percentile wave height. The results show that

the model also accurately predicts the large wave events (average RMSE of 0.41m), except

at Albany where the predicted 90th percentile wave height is underestimated. Peak period

and direction RMSE and bias are presented in Table 3.3.

It has been demonstrated that the model accurately reproduces the wave climate at the

five wave buoys located around WA. However, there are categories of wave events that can-

not be captured by the model which limits the validity of the model in certain conditions.

The wind forcing from NNR is relatively coarse both spatially (1.8°–1.9°) and temporally

(6 hourly). As a consequence, some short-lived local winds are under-represented or absent

in the wind forcing. This leads to the model not accurately reproducing locally generated

short period waves in some regions. This is particularly apparent in summer, when WA

is subject to strong shore parallel sea-breezes (Masselink and Pattiaratchi, 2001a). This
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Figure 3.4: (a) Monthly mean wave height validation and (b) yearly 90th percentile wave
height validation

Table 3.3: Statistics of the wave parameters for each wave buoy. RMSE is the Root Mean
Square Error, NRMSE is the Normalized RMSE, RMSEM is the Monthly mean RMSE
and RMSE90 if the 90th percentile RMSE.

Albany
Cape

Naturaliste
Rottnest

Island Jurien Bay Exmouth All

HS RMSE (m) 0.70 0.59 0.50 0.54 0.32 0.53
HS NRMSE (%) 29 22 23 25 23 25

HS Bias (m) -0.35 -0.02 0.01 -0.04 0.04 -0.04
TP RMSE (s) 2.9 2.7 2.7 3.0 3.4 2.8
TP Bias (s) -1.5 -1.4 -1.1 -1.2 -2.1 -1.3

MWD RMSE (°) 21 – 24 – 50 27
MWD Bias (°) 3 – -17 – -32 -15

HS RMSEM (m) 0.41 0.16 0.14 0.36 0.09 0.26
HS RMSE90 (m) 0.81 0.07 0.19 0.52 0.13 0.41
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accounts for most of the model underestimate of the lower range of wave heights shown

in Figure 3.3. Although the model does not accurately predict these short events, the

impact on the mean monthly wave height and annual mean 90th wave height percentile

are minimal. On a similar note, because the NNR winds have a frequency of only 6 hours,

the peaks of storm events tend to be under represented and this leads to an underestimate

of the peak wave height during storms in the model. However, the wave age parameter

has been increased in the model to counteract this. Although the simulation of the storm

peak was improved for extra-tropical storms, the peak period of the swell was under esti-

mated (up to two seconds) (Table 3.3). The wave age parameter was set to different values

for each grid and represents a balance between the best storm peak simulations with the

smallest discrepancy in wave peak periods (Table 3.2).

The other category of wave events that are not likely to be accurately represented in the

model are those caused by tropical cyclones crossing the North West Shelf. The spatially

and temporally coarse NNR wind fields poorly represent the track and strength of tropical

cyclones in the region. In addition, special treatment (Powell et al., 2003) is required (not

performed here) to accurately simulate tropical cyclone wave and atmosphere interaction.

Tropical Cyclones are common in the northern coast of WA but uncommon further south

hence this limitation shouldn’t affect the analysis of the wave climate South of Exmouth.

only limited results are given for the northern coast of WA.

3.3.3 Analysis methods

Several parameters were extracted from the 40 year hindcast to examine the inter-annual

and longer-term variability in the wave climate around WA. These were output at 3-

hourly intervals and included: the significant wave height; peak wave period; and mean

wave direction. From these time-series mean annual wave heights (HS), peak wave periods

(TP ) and 90th percentile wave heights (H90), which here is defined as the average of the

10% largest annual significant wave heights, were calculated. The annual mean direction

(MWD) was computed by splitting the mean wave direction output into a meridional and

zonal component. The two components were averaged and then re-combined. The mean

annual variability of significant wave height was calculated by normalising the standard

deviation in significant wave height in a given year by the HS of that year (and hence is

dimensionless) and averaging over the 40 year hindcast. The inter-annual variability of
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HS was calculated by normalising the standard deviation of the yearly mean HS by the

40 year mean HS .

Trends in the time-series of HS , H90, TP and MWD were calculated for each node of

each model grid. A least square method was applied to find the best linear fit to the

40 annual data points and the p-values of the correlation were calculated to identify the

significance of the trend. Trends with p-values less than 0.05 were considered statistically

significant (at 95% confidence).

The tracks of large wave events were digitised to identify the variability of their loca-

tion. This was done by following local maximum in the grid cells where the significant

wave height was larger than 7m (which equates approximately to H90 in the SIO). If more

than one maximum was found within a 500km radius, it was considered as the same wave

event and the lower maximum was discarded. If the maximum wave in an event dropped

below 7m for more than six hours (two output steps) the event was regarded as finished

and the track was closed. For each point along a given track, the location of the maxi-

mum (latitude and longitude) was recorded as well as the date and time and wave height.

Hence, the tracks could be analysed by wave height, location or season. The analysis of

wave event tracks was performed for a domain near southwest WA from 110°E to 130°E

and between 20°S and 50°S, except for the calculation of the mean latitude of the tracks

where all tracks occurring between 110°E and 130°E were taken into account.

The mean annual wave time-series and number of large wave events per year have been

compared to the SAM index, defined by Marshall (2003). Various definitions of the SAM

index have been proposed but in essence it is a measure of the normalised difference in the

zonal mean sea-level pressure between 40°S and 65°S. A high positive SAM index equates

to a larger pressure difference between 40°S and 65°S. This leads to a strengthening of the

circumpolar vortex and an intensification of the westerly winds that encircle Antarctica.

The intensification of the high latitude wind band (also called the storm belt) leads to an

increase in wave heights in the SO.

3.4 Results

The largest mean HS (exceeding 4m) were found in the centre of the storm belt in the SIO.

In the SO, between latitudes 30°S to 60°S, the strong westerly winds blow uninterrupted
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Figure 3.5: Mean significant wave height over the 40 year period (1970 – 2009) of the
model hindcast

and this region is often referred to as the “Roaring forties” and “Furious fifties”. It is the

most energetic region of the global ocean and where the largest mean HS is found (Sterl

and Caires, 2005). Closer to WA, the offshore mean HS is around 3m (Figure 3.5). The

northern sector of the state (latitude north of 20°S) has a mean HS of only 1m, because the

region is in the shadow of the North West Cape which blocks most of the waves generated

in the SO.

Similar patterns to the mean HS can be observed in the mean H90. In the storm belt,

the mean H90 height exceeds 7m, with the exception of the wave shadow created behind

the Kerguelen archipelago and Heard Island. The mean H90 is larger around the southern

part of the WA coast (∼5m) and decrease further north to reach about 3m around the

North West Cape (Figure 3.6). The northern sector of the state is in the wave shadow
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Figure 3.6: Mean 90th percentile wave height over the 40 year period (1970 – 2009) of the
model hindcast

of the continent and only receives a small portion of the wave energy generated in the

SIO. However, the H90 in this area still exceeds 2m because of the occasional occurrence

of tropical cyclones (although these are not accurately resolved in the NNR wind forcing).

The mean TP (not shown here) is above 12 seconds east of the 80°E meridian. Near

WA the mean TP exceeds 13 seconds. We would expect the TP to be lower near the coast.

The overestimation could be because the strong coastal sea-breezes on the WA coastline

are not well represented in the wind forcing. In the northern part of WA, in the wave

shadow created by the North West Cape where local wind waves dominate, the mean TP

is less 10 seconds.

The mean MWD (not shown here) is westerly at latitude 50°S, gradually becoming
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Figure 3.7: Mean annual wave height variability over the 40 year period (1970 – 2009) of
the model hindcast

more southerly toward the north and switching to south-easterly near the Mascarenes

Islands (Figure 3.1). Near WA, the mean MWD is west-south-west along the southern

part of the coast and turns gradually south-south-west near the North West Shelf.

The mean annual variability of the significant wave height (HS) is shown in Figure 3.7.

The variability is around 30% across the whole SIO and is largest (>50%) in regions where

the mean wave height is lower (i.e. around north WA and nearshore in southwest WA). A

region of relatively high variability (>35%) exists across the SIO centred along latitude

∼35°S. This area corresponds to the seasonal expansion of the storm belt, when storms

track further north in winter.

The inter-annual variability of HS is ∼6% for the whole SIO (Figure 3.8). A higher
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Figure 3.8: Inter-annual wave height variability over the 40 year period (1970 – 2009) of
the model hindcast

variability (∼8%) is present around latitude 60°S (not shown here). Near WA the vari-

ability is generally higher in areas where HS is small (i.e. on the north coast). A region

of relatively high variability (>5%) exist offshore of WA (100°E, 40°S).

The 40 year time-series of HS , H90, TP and MWD were analysed to identify trends

between 1970 and 2009. The time-series of HS shows a positive trend in most of the eastern

SIO. The trends are 0.8cm/year (0.22%/year) in the storm belt which correspond to an

increase of 32cm over the 40 years of this hindcast and a trend of 0.5cm/year (0.2%/year)

around WA (Figure 3.9) was found. These are statistically significant (95% confidence)

and correspond to an 8%(20cm) increase of HS near the WA coast over the last 40 years.

The H90 was also analysed for trends and shows slope of 0.6cm/year (0.1%/year) in WA
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corresponding to a 4% increase over the last 40 years. However, no statistically significant

trends were found around WA (Figure 3.10).

A positive trend in TP (not shown) was found in the eastern SIO. The strongest trend

is observed near Antarctica and WA with an increase of 0.02s/year. An increase in wave

period signifies an increase in swell.

No significant trend in the MWD was found in most of the SIO. There is an anti-

clockwise trend in the southern part of the SIO, meaning that waves are becoming more

westerly at the high latitudes (i.e. south of latitude 60°S and between 50°E and 110°E) as

well as more southerly at the central latitudes (i.e. between 50°S and 30°S and between

50°E and 110°E).

Table 3.4 summarises the model results at each of the five wave buoy locations around
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Figure 3.10: Trends in the mean annual 90th percentile wave height over the 40 year period
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Table 3.4: Predicted wave climate parameters at the five offshore wave buoy locations.
All trends are significant trends at 95% confidence level.

HS H90
Annual
Variability

TP MWD Trend HS Trend TP

(m) (m) (%) (s) (°) (cm/year) (s/year)

Albany 2.44 4.25 35 13.74 214 0.42 0.019
Cape Naturaliste 2.63 4.86 39 13.68 232 0.50 0.016

Rottnest Island 2.14 3.98 40 13.71 235 0.36 0.016
Jurien Bay 2.18 3.87 37 13.90 228 0.41 0.018

Exmouth 1.37 2.16 30 13.40 228 0.25 0.014

WA. The mean HS and H90 are largest at Cape Naturaliste and then Albany. The annual

variability is largest at Rottnest Island and then Cape Naturaliste. These buoys are in

the centre of the storm belt winter expansion area and therefore experience the most

seasonal change in wave climate with small long period swell in summer and storm waves

in winter. At Jurien Bay and Exmouth, located further north, the mean and large wave

events heights are smaller. At Jurien Bay the peak period is larger, as swell travels longer

distances to reach this region of the coast.

The tracks of all wave events generating a significant wave height of more than 7m were

digitised for the whole of the SIO. In total there were ∼7,200 events over the 40 years of

simulation with an average of 180 per year. Typically, the significant wave height exceeds

10m for about 23 events per year. The number of large wave events occurring in an area

close to WA (between 110°E to 130°E and between 20°S and 50°S as shown in Figure 3.1)

was calculated for each year for different exceeded wave height values (7, 8, 9, 10 and 11

m) and are presented in Figure 3.11. The number of individual events varied considerably

from year to year, typically with the minima occurring in the mid 1970s and early 1980s

and maxima occurring in 1973, 1996 and 2009. There were no significant trends in the

number of events over the 40 year hindcast period for any of the HS thresholds. This is

consistent with the result presented above for the H90 around WA.

The 40 year mean latitude at which large wave events cross 110°E is ∼50°S. The

annual mean latitudes of the large wave events are presented in Figure 3.12 along with

the SAM index. There is a large variability in the mean latitude between 1970 and 2009.

A correlation (correlation coefficient 0.59) exists between the mean latitude of wave event

track and the SAM index. The result shows a significant southward shift in the wave event

tracks, corresponding with the trend towards a more positive SAM index.
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3.5 Discussion

This study analysed the inter-annual variability and longer-term changes in the wave

climate around WA using a 40-year wave hindcast of the SIO. Significant positive trends

in HS between 1970 and 2009 were found around southwest WA. The magnitudes of

the trends in HS were consistent with those found by Young et al. (2011) who analysed

altimetry data from 1985 to 2008. However the trends in H90 presented by Young et al.

(2011) are steeper (0.5%/year) than the finding presented here (0.1%/year). No significant

trends were identified in the wave buoy data around WA. This is because the records were

relatively short, no significant trend can be indentified in the hindcast buoy in the period

of the last 15 years. This demonstrated that the use of relatively short period (<30

years) wave records is not sufficient to understand the range in inter-annual variability or

longer-term changes in the wave climate.

The agreement between the results presented here and previous work from Hemer

(2010) and Young et al. (2011) provided additional validity to the model output, despite

the fact that the NNR used here as a forcing to the wave model is known to contain errors

in this region. These errors include steeper trends in mean sea level pressure (and by

extension to wind) in the SO (Hines et al., 2000). However these steeper trends are only

affecting the southernmost part of the SIO (south of 40°S) and are mostly due to a lack

of assimilation data in the pre-satellite era (i.e. pre-1970).

The mean latitude at which large wave events propagate near southwest WA (Fig-

ure 3.12) has been shown to correlate with the SAM Index. A positive SAM index is

equivalent to an increased atmospheric pressure gradient between mid and high latitudes.

These atmospheric conditions tend to prevent storms from tracking northward to the mid

latitudes and thus force the predicted wave events to remain at latitudes south of 50°S.

Over the last four decades there has been a significant trend to more positive SAM index

(Fogt et al., 2009), which has lead to a southward shift of larger wave events. However,

with high variability in the SAM index, years with a low SAM are still relatively com-

mon. During years with a low SAM index, the weaker atmospheric gradient tends to allow

storms to track at lower latitudes and hence reach the coast of WA, which occurred in

1996 and 2002.

With the southward shift of the storm belt one would expect to see a reduction in
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the large wave event heights reaching WA. However, no significant trends were found

near WA in either the number of larger wave events or in the H90. This suggests that

while the probability of storm tracking north is reduced, the number of wave events in the

SIO has increased over the last 40 years, therefore balancing the number of larger wave

events reaching WA. The number of large wave events that reach WA is controlled by a

combination of the intensity of the storm belt and the actual pressure gradient between

Antarctica and southwest WA, both of which correlated to the SAM index (although the

atmospheric pressure is much more variable). During years when the storm belt is highly

active a lot of large storms create large swells, but if the SAM index is high these events

tend to track south of the WA coast (e.g. winter 1999). Inversely, during a calm year in

the SO only a few large wave events will be generated, but if the SAM index is negative

these large waves will track north and impact on WA. This is illustrated in Figure 3.13,

which shows the annual mean track of the larger wave events in 1996 (calm SIO and low

SAM) and 1999 (active SIO and high SAM). In 1996, there were three large consecutive

storms and the swell they generated significantly eroded the beaches around southwest

WA, including the Perth region.

The intensification of the storm belt does not result in an increase of large wave event

in WA. This is because the southward shift of the storm track is such that the same

number of storm reaches the coast. However, the intensification of the storm belt also

generates more swells. These can travel long distances without being affected by synoptic

events. Subsequently these swells propagate to WA coast with enough energy to increasing

the average wave height as well as the annual mean TP .

3.6 Concluding remarks

A wave model has been configured for the SIO to simulate the wave climate around WA

during the 40 year period from 1970 to 2009. The model was validated with measured

data from five wave buoys located along the coast of WA. The 40 year wave hindcast has

then been used to assess the inter-annual and longer-term changes in the wave climate

around the WA coastline. The modelled results show that strong annual and inter-annual

variability is present in the mean annual significant wave height (HS), the 90th percentile

wave height (H90) and the annual mean peak wave period (TP ). Results also indicate that
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of the model hindcast
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there has been a significant increase in HS and TP near southwest WA over the past 40

years. It appears that this is a direct consequence of the intensification of the storm belt

from where larger swell propagates to WA, thus leading to an increase in HS . However,

no significant increases in large wave event heights were found around the WA coastline

over the hindcast period. This suggests that although larger wave events are present in

the SIO their probability of reaching Australia is reduced with the trend towards a higher

SAM index.

Work is currently underway to evaluate the effect of increasing annual mean HS and

TP on the morphodynamics of the WA coastline. WA beaches are exposed to a variable

wave climate and their geological and topographical environment is very variable. This

diversity means that each beach will respond differently to changes in the wave climate.

Moreover a large fraction (25%) of the beaches in WA are perched, meaning that they

are fronted by and/or overlying a shallow rock platform (Stul et al., 2005). Assessing the

interaction between an increasing mean sea level, a changing wave climate, the effect of

the rock platform and the sediment dynamics is a challenge.
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Chapter 4

Effects of mean water level on

extreme wave dissipation over

reefs and resulting beach erosion

4.1 Summary

Nearshore reefs support perched beaches, where the reefs play a key role in the beach

morphodynamics. Little is known about how reefs interact with mean water level to

influence wave dissipation and the resulting coastal erosion. Perched beaches at Yanchep in

south-west Australia eroded on the 20th of July 2009 during an extreme wave event, when

significant wave height exceeded the 40 year return interval. Using a suite of numerical

models at a range of spatial scales, the evolution of this event was investigated from its

generation and growth in the Indian Ocean basin, through the dissipation of waves on

offshore limestone reefs, to nearshore currents and erosion of the coast at Yanchep. The

erosion caused by the event was not unusual compared with annual winter storms because

the peak storm surge did not coincide with the timing of the maximum swell. As a

consequence the swell dissipated more rapidly on the offshore reefs. On perched beaches,

extreme erosion may only occur when large wave heights coincide with sustained high

water levels. The amount of wave energy reaching the shore at Yanchep was sensitive to

the mean water level. A 1m rise in sea level can lead to an increase of 12 to 16% in storm

wave height nearshore. This type of analysis could be performed on a large number of
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storms to identify the types of event that are the most likely to cause erosion on perched

beaches.

4.2 Introduction

Beach morphodynamics are the result of complex interactions between sediment, sea-

level, wind, surface gravity waves, currents, and in some cases natural or anthropogenic

structures, which can have highly variable geometry alongshore. Natural formations such

as rocks and corals can also form structural constraints in the nearshore and can result

in perched beaches, defined as beaches that are underlain and/or fronted seaward by

hard structures (Gallop et al., 2011b). These landforms add another level of complexity

to understanding the mechanisms of beach variability and change. In addition to local

processes, beach variability is also influenced by drivers at larger spatial and temporal

scales, including weather systems, oceanic currents, tidal modulations and mean sea level

(Figure 1.1). Therefore, understanding and accurately predicting the response of a perched

beach to an event is challenging and requires analysis at a range of scales.

Perched beaches in south-west Australia eroded on the 20th of July 2009 when an

extreme wave event reached the shore. An extra-tropical storm brought wind gusts ex-

ceeding 100 kmh−1, causing damage to buildings from falling trees. Offshore significant

wave height (Hs) reached 8.94m at the Rottnest Island wave buoy located 10km south

west of the island and 30km offshore of Perth in 30m of water. This wave event broke the

previous wave height record from 2002 for this recording station. Extreme value analysis

by Li et al. (2012) suggest that Hs during this event corresponded to a 42 year return

interval. Fortunately, unlike the 1996 wave event this event did not result in extreme

erosion on the local beaches. However, the cause of the limited erosion was unclear but

may be due to the dissipation of the waves on the continental shelf, or because the storm

generated only a relatively small storm surge (0.30m). To clarify what limited beach ero-

sion, this study investigated the generation of this extreme event in the Indian Ocean,

the propagation of the waves onto and across the continental shelf and the dissipation of

waves and sand transport as the storm reached the coast of south-west Australia.

The study site for this investigation was Yanchep Lagoon, located approximately 60km

north of Perth. At Yanchep, the sandy beaches are perched on rough, Quaternary lime-
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stone reefs that helps dissipate the incoming waves. The reefs have highly variable topog-

raphy alongshore which creates strong currents (Gallop et al., 2012a).

No quantitative data of the beach behaviour were collected during or after the storm

of the 20th of July 2009 so this study uses a suite of multi-scale simulations to hindcast the

event at multiple spatial scales. Scales ranged from the ocean basin, through the regional

scale, to the coastal scale. These different models simulated a range of physical processes

that were appropriate for the domain in which each model was applied.

The following section (Section 4.3) provides a background on the oceanographic condi-

tions of south-west Australia and a description of the 20th of July 2009 storm. Section 4.4

describes the multi-scale modelling approach, including the validation of the regional scale

wave model. Section 4.5 shows the evolution of the wave height of the extreme event from

the ocean basin scale down to the beach scale. A discussion on the generation of the storm,

the role of the wave dissipation in the nearshore and the erosion caused by the storm is

provided in Section 4.6.

4.3 Background

4.3.1 Coastal setting

Yanchep Lagoon is located in south-west Western Australia (Figure 1.2) which is microti-

dal with a mean spring tidal range of 0.6m (Pattiaratchi and Eliot, 2008). Winter is

dominated by extra-tropical storms and the mean Hs is 1.5 to 2m (Lemm et al., 1999)

(see also Chapter 3). From September to February the hydrodynamics are driven mainly

by strong and persistent southerly to southwesterly sea breezes (Pattiaratchi et al., 1997;

Masselink and Pattiaratchi, 2001a; Verspecht and Pattiaratchi, 2010; Gallop et al., 2012c)

which blow obliquely-onshore at Yanchep generating incident wave heights of 1 to 2m

(Pattiaratchi et al., 1997; Gallop et al., 2011a). The bathymetry is dominated by a series

of shore-parallel limestone reefs located up to 20km offshore (Figure 1.2) (Masselink and

Pattiaratchi, 2001b). These reefs attenuate incoming swell by 30 to 80%, and at Yanchep

Lagoon during a winter storm, attenuation was approximately 80% for a 5m offshore swell

(Gallop et al., 2012a).

The beaches at Yanchep Lagoon are perched on a Pleistocene Tamala Limestone for-

mation (Playford et al., 1975; Semeniuk and Johnson, 1982). The topography of the
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limestone varies alongshore with some of the beach: (1) not fronted directly seaward by

limestone; (2) fronted seaward by submerged limestone reef; (3) fronted by an intertidal

limestone reef and a coastal lagoon; and (4) fronted seaward by a limestone bluff, similar

to a seawall that holds up the dry-beachface (Figure 2.1). The beach faces the south-west

and consists of well-sorted medium sand with d50 of 0.4mm made of mostly quartz and

skeletal material (Semeniuk and Johnson, 1982). There are two main sections to the beach:

the northern and southern, that are divided by a small limestone headland (Figure 2.1).

4.3.2 Storm on 20th July 2009

Late on 19th July 2009 a front crossed the coastline bringing wind speeds of 70kmh−1 with

gusts exceeding 100kmh−1. The wind quickly settled to 60kmh−1 with gusts of 80kmh−1,

and these strong winds persisted until the afternoon of the 21st (Figure 4.1a). The waves

generated by the storm reached the continental shelf on the 20th at noon and remained

above the threshold for large waves events (Hs =5.5m) (Li et al., 2012) for 32 hours. At

the peak of the storm, on the 21st at 4am, Hs measured at Rottnest Island was 8.94m with

a peak period of 17s (Figure 4.1b). The frequency spectrum of wave energy resembled a

JONSWAP spectrum (Hasselmann et al., 1973) only at the peak of the storm (Figure 4.2b)

when the locally generated wind waves started to decrease (Figure 4.2a). The strong winds

generated a storm surge which, combined with the tide, reached above 1.6m Chart Datum

(CD), which is not particularly high. As a comparison, Tropical Cyclone Bianca, which

dissipated offshore of Yanchep on the 31st of January 2011, created a storm surge that

resulted in a total still water level of 1.8m above CD and the storm surveyed at Yanchep

by Gallop et al. (2012a) reached 1.7m above CD (Figure 4.3).

4.4 Methods

The aim of the study was to investigate the generation, propagation and dissipation of

the waves generated during the extreme storm on 20th July 2009, to simulate the response

of the beach at Yanchep Lagoon, and to simulate the effect of mean water level on the

wave dissipation on reefs. To achieve this, a suite of numerical models that covered a

cascade of spatial scales was used to simulate waves and sediment transport (Figure 4.4;

Table 4.1). In the following sections we introduce the different models used and describe
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Figure 4.1: (a) Wind speed (plain line), gust (dotted line) and direction (vector). (b)
Wave height (plain line) peak period (dotted line) and swell direction (vector).

the configuration of each. At the ocean basin scale, WAVEWATCH III �(Tolman, 2009),

(WW3) was used to hindcast spectral wave energy (Chapter 3). At the regional scale, the

Simulating WAve Nearshore (SWAN) (Booij et al., 1999) wave model was used. Finally, at

the coastal scale the XBeach GPU morphological model (Chapter 5) was used to simulate

the hydrodynamics and sand transport and morphological changes during the extreme

storm.

4.4.1 Ocean basin scale

Chapter 3 presented a 40 year hindcast of waves in the southern Indian Ocean to study

the variability of the offshore wave climate of Western Australia. The hindcast used

WW3 version 3.14 with multiple grids in the Indian Ocean at an increasing resolution

toward Western Australia. WW3 is a third generation wave model that solves the ran-

dom phase spectral action density balance equation for wave-number-direction spectra

(Tolman, 2009). WW3 was forced with wind extracted from the US National Center for

Environmental Predictions (NCEP) global reanalysis project (Kalnay et al., 1996; Kistler

et al., 2001). The wave model was set up for the Southern Indian Ocean using a domain
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made up of four grids (Figure 4.5a) that included a: (1) 10-min (15 km) grid that covered

the extent of the continental shelf of Western Australia; (2) a 0.5° grid over the south-east

Indian Ocean to provide intermediate resolution to the finer grid; (3) another 0.5° grid

that covered the storm belt in the Southern Ocean; and (4) a 1° grid that encompassed the

remainder of the Southern Indian Ocean (Table 4.1). These four grids were linked with

an obstacle grid to account for islands and shoals that were not resolved by the original

grid resolution (Tolman, 2003).

The time-series of the wave spectra was extracted from the hindcast for 105 hours

centred around the 20th of July 2009 event at the location closest to the offshore boundary

of the regional wave model.

4.4.2 Regional scale

Waves transform considerably from offshore to the coast. In south-west Australia, these

processes are particularly important due to the presence of limestone reefs on the continen-

tal shelf. Near Yanchep these reefs form complex patches and ridges that extend from the

nearshore to 8km offshore (Figure 4.5b). These reefs cause waves to refract, diffract, and

break thus dissipating some of their energy. Therefore, to calculate the nearshore wave

height that resulted from the 20th of July 2009 extreme wave event, a SWAN wave model

was used with a resolution of 10m which was suitable to include the effects of these offshore

reefs. This regional wave model grid was centred on Yanchep Lagoon where it extended 5

km alongshore on either side, and 10km offshore (Table 4.1). SWAN includes wave prop-

agation, growth due to wind, and decay due to bottom friction, breaking, “whitecapping”

and wave-wave interaction. Most of the area was covered by the bathymetric Light De-

tection And Ranging (LiDAR) survey collected in April 2009. The Geoscience Australia

250m dataset (Webster and Petkovic, 2005) was used to fill in the gaps (Figure 4.5b).

To force the model, the time series of wave spectra from the ocean scale model was used

at the offshore boundary. The time series of water level extracted from the tide gauge

at Fremantle and the NCEP wind forcing were used across the grid domain. The wave

forcing at the offshore boundary of the coastal morphodynamic model was extracted at

the closest node in the regional wave model.

To account for wave dissipation due to bottom friction, the formulation from Collins

(1972) was used. The friction coefficient of 0.04 was set across the grid without distinction
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of the type of sea bed. The friction value was selected so that the simulated Hs corre-

sponded well with the measured Hs at Alkimos during the storm of 22nd of May 2009

(Figure 4.6). The Alkimos instrument was deployed 2km south of the model boundary

in a similar reef system to the one simulated. The instrument was located offshore of

the second ridge of reef in 13m water depth. The simulated wave height was extracted

from the model at a similar depth in the area of the model where the offshore reef has a

similar topography. The peak of the storm is well captured but the model overestimates

the leading front of the storm. This is due to the coarse wind forcing of the ocean scale

model that did not resolve the frontal weather system.

In addition to simulating wave propagation during the 2009 storm, the sensitivity of

the model to water level and wave height was tested. For the sensitivity test the model was

run with offshore wave height of 1 to 12m using a JONSWAP spectrum with a 15s peak

period, coming from 270°N and with a directional spread of 20°. For each wave height the

model was run with 4 different water levels: -0.5m, 0.0m, 0.5m and 1.0m relative to mean

sea level.

4.4.3 Coastal scale

To simulate the hydrodynamics and morphology at Yanchep Lagoon during the extreme

storm, the XBeach GPU morphodynamic model was used (Table 4.1). XBeach GPU is

fundamentally similar to XBeach (Roelvink et al., 2009) except that it performs the cal-

culation on the Graphics Processing Unit (GPU) of the computer which reduces running

time (see Chapter 5 for details). XBeach was developed to simulate the impacts of storms

on beaches and dunes, and includes interacting models of spectral waves, wave rollers,

hydrodynamics and sediment transport. XBeach and XBeach GPU both include the gen-

eration and dissipation of infragravity waves that play an important role in reef-lagoon

hydrodynamics (Pomeroy et al., 2012). The model grid had a resolution of 5m and ex-

tended 2km alongshore and 1km offshore to where the bathymetry reached 12m water

depth (Figure 4.5c). The bathymetry was generated using a combination of hydrographic

survey data collected in February 2010 (Figure 2.1), and LiDAR data collected in April

2009. The time series of the wave spectrum from the regional wave model and water level

from the Fremantle tide gauge were used to force the offshore boundary. The wind input

was the same hindcast wind from the 20th of July 2009 storm used in the regional wave
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Figure 4.4: Flow chart showing numerical models used with arrows indicating where model
output was used as input.

model. The sand transport and morphology parameters of the model (Table 4.2) were

identical to the validated model of Yanchep Lagoon presented in Chapter 5.

4.4.4 Linking the models

The wave models used in this study, are designed to either be fully nested in each other,

such as SWAN nested in WW3, or the coarser resolution model outputs can be used

as a boundary condition for the finer resolution model, such as XBeach. However, the

transition between spatial scales is not seamless. For example, nesting a SWAN model

in a WW3 model requires that they have the same map projection, and the resolution of
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the SWAN model must be less than 1
3

rd
of the resolution of the WW3 model. The grid

for the simulation of waves on the continental shelf using SWAN had a 10m resolution,

whereas the coarse WW3 model had a resolution of 0.1° (approximately 18,500 m). Such

a difference in resolution prevented using the built-in nesting from WW3 to SWAN but

should not be a large source of error since the offshore wave height during the storm was

spatially quasi-uniform across the south-west of Western Australia (Figure 4.7). Instead

of nesting the SWAN grid, a time-series of spectral information from a single point was

extracted from WW3. This was reformatted to a time-series of 2D, non-stationary SWAN

spectra and was applied as a uniform forcing on the offshore boundary of the SWAN

model. The lateral boundaries of the SWAN model were forced from the offshore side and

were far enough from the beach scale model to avoid boundary shadowing effects.

XBeach GPU boundaries consist of a time-series of wave energy and the associated

bound long wave. XBeach can automatically calculate these based on a stationary spec-

trum from SWAN. To create the boundary condition for XBeach GPU, the non-stationary

SWAN spectral output was converted to a series of files, each containing a stationary spec-

trum from SWAN. For each of these files, an XBeach initialization was run to create a wave

energy boundary file and the associated bound long wave boundary file. An additional

file listed all the wave energy and long bound wave boundary files. This manipulation was

computationally expensive and produced 50Gb of boundary conditions for a 105h simula-

tion. This is because for each forcing condition, XBeach GPU recreated a time-series of

wave groups and bound long waves at a 0.5s resolution for every hour and for each point

along the boundary. This enabled XBeach GPU to resolve the directional and temporal

variability of bound long waves.

4.5 Results

This section describes the results of the multi-scale investigation that used three numerical

models to assess the response of a perched beach to an extreme wave event. The results

of the ocean basin scale model are presented first, followed by the results of the regional

scale, and then the coastal scale models.
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Table 4.1: Summary of model grids, forcing and bathymetry.

Model Grid resolution Bathymetry
source

Metocean forcings

WW3 Mosaic of 4 grids:
10min, 0.5°, 0.5°,
1°

2min Global
seafloor to-
pograpy (Smith
and Sandwell,
1997)

NCEP/NCAR reanaly-
sis wind fields

SWAN 10m grid LiDAR, GA250 WW3 output, Rottnest
islands measured winds,
Fremantle measured sea
level

XBeach GPU 5m LiDAR, hydro-
graphic survey

SWAN output, Rot-
tnest islands measured
winds, Fremantle mea-
sured sea level

Table 4.2: Morphological model parameters. * represents calibrated values, + represents
values calculated from field experiments and unmarked values were default values or values
constrained by the model. see Chapter 5 for details

Model parameter Description Value

Etamin (m) Drying height 0.02*
Smagorinsky coefficient Turbulence model 0.05*
zo (m) Friction parameter Variable across

the grid*
Cd Wind drag 0.002*
Gamma a Breaker parameter 0.45*
n Power in wave dissipation model 8.0*
Alpha a Wave dissipation coefficient 1.0
Beta a Breaker slope coefficient 0.15
D50 (m) Median diameter of sediment 0.00038+

D90 (m) 90th percentile diameter of sediment 0.00053+

Rho sediment (kg m-3) Sediment density 2650+

Porosity Sediment pore density 0.4+

Dzmax dry Critical dry sediment slope 1.0+

Dzmax wet Critical wet sediment slope 0.3+

Morfac Morphological factor 1
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4.5.1 Ocean basin scale

The event of the 20th of July 2009 started its course south-west of Heard Island (Figure 3.1)

on the 16th of July 2009. The event became a large wave event with Hs above 7m on the

afternoon 18th of July 2009 (Figure 4.7). From this point and until the storm reached the

shore of Western Australia the area of strong winds travelled at a similar speed to the

swell at 15ms−1. This resulted in the waves being exposed to the strong wind for twice

as long as if the storm had been stationary. When the swell reached the continental shelf

of south-west Australia Hs was larger than 10m (Figure 4.7). Inside the continental shelf

at the location of the regional wave model the wave height peaked at 7m with a peak

period of 17s (Figure 4.8). Large waves dissipated quickly on the continental shelf but the

resolution of the ocean scale model became inappropriate to investigate the depth-induced

wave breaking in the nearshore.

4.5.2 Regional scale

On the continental shelf waves dissipated quickly on the limestone ridges (Figure 4.9).

Note, the regional scale model had a resolution of 10m allowing appropriate representation

of the complex topography of the reefs. The furthest offshore reef ridge reduced the wave

height from 7m to 5m, the second ridge with depth less than 10m reduced the wave

height to 3.5m and the patchy nearshore reefs reduced the wave height to less than 3m

(Figure 4.10). Nearshore, after propagating through the three reefs, only 20 to 30% of the

wave energy remained.

The nearshore Hs was sensitive to the offshore wave forcing for Hs less than 4m. With

water level at 0.0m, a 4m offshore Hs resulted in Hs of 2.1m nearshore and a 12m offshore

Hs resulted in a Hs of 2.5m nearshore. The nearshore Hs was larger than offshore only

for input wave of 1m due to the lack of depth-induced breaking and the wave growth with

the wind. The difference in nearshore Hs due to a change in water level from 0.0m to

1.0m was less than 0.1m for wave of 1m and increased to 0.4m with offshore Hs of 12m

(Figure 4.11).
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Figure 4.7: Maximum significant wave heights during the storm in July 2009. The black
line is the digitized track of the wave event when significant wave height exceeded 7m.

4.5.3 Beach scale

The beach scale model was validated prior to the simulation see Chapter 5 for details.

Nearshore reefs fronting the beach dissipated the remaining energy of the storm waves

(Figure 4.12a). At the peak of the storm, waves breaking on the reef created a large wave

set up of 0.4m in the lagoon (Figure 4.12b). The gradient in water level between the

inside and outside of the lagoon generated a strong current jet exceeding 1.4ms−1. This

current jet collided with another longshore jet flowing in the opposite direction resulting

in a seaward current. The erosion due to the storm was greater near the reefs at locations

that coincided with the presence of the jets (Figure 4.12c) where the sand transport was

mostly alongshore. But the jets also deposited 3m of sand offshore of the lagoon entrance

(Figure 4.13). In the lagoon, the jet eroded 2m of sand but the erosion was interrupted

with small periods of accretion (Figure 4.14).
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4.6 Discussion

This study follows the evolution of an extreme wave event from its generation and growth

in the Indian Ocean through the dissipation on offshore and nearshore reefs and finally to

the erosion it caused on a perched beach in Western Australia. The large waves created

by the storm dissipated on the shallow reef on the continental shelf and when the storm

reached the beach the wave heights were 70 to 80% smaller than offshore. Beach erosion

resulting from the storm was considerable (>3.0m). Although the erosion patterns were

similar to what occurred in 2010 during a storm with an annual return interval of less

than 1 year, the amount of erosion was smaller (Gallop et al., 2012a)(see also Chapter 5).

During the storm simulated in this study, the water level only reached 1.6m on the 19th of

July 2009 at 01:00. The swell reached the coast 12h later during low tide and continued

over one diurnal tidal cycle during which the high tide did not exceed 1.5m. Therefore

the water level was relatively low during the high waves. This facilitated the dissipation

of waves on the offshore reefs mostly through depth induced breaking (Figure 4.10).

The water level also influenced the mode of response of the beach. While most erosion

occurred at high tide, short periods of recovery occurred but these did not correspond to

a particular phase of the tide. This suggested that on perched beaches, extreme beach

erosion may only occur when large wave heights coincide with a sustained high water

level. On sandy beaches, apart from tides, the storm surges and infragravity waves are

the main cause for high water level and therefore correlate with erosion (Komar, 1998).

However on perched beaches reefs can provide additional opportunities to sustain high

water levels on the beachface by maintaining high wave set-up in lagoons in the lee of
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a reef (Figure 4.12b) or by forcing a resonant mode on infragravity waves in the lagoon

(Péquignet et al., 2009). This may have played a significant role in the erosion of beaches

in the lee of low crested breakwaters (Ranasinghe and Turner, 2006). Prolonged high

water levels could explain the anomalously high erosion that occurred when the swell

and high water level generated by Tropical Cyclone Bianca reached Yanchep beaches in

January 2011 (Figure 4.3). Therefore, we suggest that the prediction of beach erosion in

reef environments should not only focus on extreme wave events but also include events

that cause high water level on the beach face.

Although Hs reached extreme values at Rottnest Island wave gauge, the wave event of

the 20th of July 2009 was not atypical. According to the hindcast from Chapter 3 there

were 12 similar events between 1970 and 2009 with Hs exceeding 9m offshore of south-

west Australia. Compared with the rest of the storm belt, Hs often exceeded 10m. For

example, the same hindcast shows that from 1970 to 2009 there were more than 60 events

when Hs exceeded 12m but none of these events reached north of 35 °South to Australian

latitude. However with the indication of increasing 99th percentile wave height in high

latitudes (Young et al. 2011) further research on extreme wave events in the Southern

Ocean is warranted to identify the potential increase in erosive events.

The amount of wave energy reaching the shore of Yanchep was sensitive to the water

level (Figure 4.11). This is because the increased water depth on the reef resulted in

a reduction in wave breaking and a reduction of the dissipation due to bottom friction.

Although dissipation through bottom friction is small compared to dissipation due to

depth-induced breaking, it is a major sink of infragravity waves energy in reef environments

(Pomeroy et al., 2012). In this type of reef environment, higher water level would lead to

larger waves and potentially larger infragravity waves nearshore. At Yanchep, a 1m rise in

sea level is consistent with projection for 2100 (Hunter, 2009) and could lead to an increase

in Hs of 0.3m to 0.4m (12 to 16%) near the coast in 10m water depth. This may lead to an

increase in erosion during storm events on reef-fronted beaches. However, climate change

will also affect the wave climate, the supply of sediment to beaches which will counter or

enhance the changes due to mean sea level rise. To predict the effect of climate change on

the beach all the effects of climate change have to be considered together.

In the simulation of the regional scale model, the waves did not appear to shoal on the

reef. This is because the roughness of the reef dissipated the wave energy at the same time
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they shoaled (Figure 4.10). The dissipation due to bottom roughness was smaller than the

dissipation due to depth-induced wave breaking which was responsible for the sharp drop

in wave height over the top of the reefs (Figure 4.10). The bottom dissipation used in the

regional scale model was set to a constant value. However, dissipation is dependent on

the roughness of the seabed (Swart, 1974) which is likely to vary across different sections

of the reef. Mapping the reef roughness requires very high resolution surveys made using

underwater vehicles, side scan sonar, or LiDAR surveys (Jaramillo and Pawlak, 2011).

In addition, the roughness measured using these technique are not the bottom friction

parameters required in the models and a transfer function is needed. More research is

required to develop practical methodologies to map the roughness of temperate reefs and

their ability to dissipate wave energy.

The multi-scale modelling methodology presented here was intended to present a holis-

tic view of an extreme storm and is not intended as a substitute for unstructured model

coupling (Dietrich et al., 2011b,a). However, the method presented here could comple-

ment such a coupled model. For example, without the Indian Ocean scale model and

offshore wave measurements one would have to rely on forcing the regional scale model

with a JONSWAP spectrum. Although this assumption would be valid for the peak of the

20th of July 2009 storm it would underestimate the 12s swell preceding the peak of the

storm and overestimate the 12s swell following the storm (Figure 4.2a). The JONSWAP

spectrum also over-estimates the low frequency tail of the spectrum that could lead to

biases in the calculation of wave groups and associated long bound waves. The method

presented in this study also benefits from using finer scale models that include features,

such as wave groups, that are not implemented in the regional scale models. Ongoing

development in WW3 will allow the use of unstructured grids to seamlessly link the waves

generated on the Ocean basin scale down to the regional scale. Further development in

XBeach will allow wave input that varies along the offshore boundary and thus allows

seamlessly nesting to and from regional scale wave model.

4.7 Concluding remarks

This study simulated the extreme wave event that reached the shores of south-west Aus-

tralia on the 20th of July 2009. The event was tracked from its generation and growth
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in the Indian Ocean basin, through the dissipation of the waves on offshore reefs to the

nearshore currents and erosion it caused on a perched beach. The erosion caused by the

event was not unusual because the peak of the storm surge did not coincide with the

largest swell. As a consequence, the swell dissipated more rapidly on the offshore reefs.

On perched beaches, extreme beach erosion may only occur when large wave height coin-

cide with a sustained high water level. Also, the amount of wave energy reaching the shore

of Yanchep was sensitive to water level. A 1m rise in sea level could lead to an increase

of 12 to 18% in storm wave height. The modelling methodology presented in this study

could be used to simulate the erosion of a large number of historical storm and derive

return periods for erosion events. This would in turn be a valuable coastal management

tool.



Chapter 5

Longshore variation in rock

topography enhances sand flux on

a perched beach in Western

Australia

5.1 Summary

Natural formations of rock and coral can support perched beaches, defined as beaches

that are underlain or fronted seaward by hard landforms. However, little is known about

how longshore variations in hard landform topography influence beach morphodynamics.

Therefore, a numerical model was developed to simulate the perched beach morphodynam-

ics during a storm that was previously surveyed at Yanchep in south-western Australia

which is fronted by a limestone reef. The model had identical formulations to XBeach

but was re-written to perform the calculations on a computers graphics processing unit.

This lead to a 32-time model speed up which allowed a larger number of simulations to be

undertaken. The model simulation of the storm indicated that at Yanchep, the longshore

variation in topography of the reef resulted in: (1) strong currents jets; and, (2) increased

alongshore sand flux. The variation of the topography of the reef was responsible for the

formation of strong current jets which enhanced the erosion at the boundary between the

perched and non-perched beach. These jets also directly influenced the morphological
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response of the beach hundreds of metres away from the reefs.

5.2 Introduction

Sandy beach morphodynamics are the result of complex interactions between sand, mete-

orological and oceanographic conditions, and in some cases outcropping hard landforms.

Natural formations of rock and coral can form structural constraints in the nearshore that

can support perched beaches, defined as beaches that are underlain or fronted seaward

by hard landforms (Gallop et al., 2011b). Despite their common occurrence (Frihy et al.,

2004; Valvo et al., 2005; Vousdoukas et al., 2007), perched beaches have received little

attention (Naylor et al., 2010) and little is known about how hard landforms influence

coastal sediment transport.

To date, researchers have focused mostly on the cross-shore effect of hard landforms on

perched beach morphology. For example, Eversole and Fletcher (2003), and Muñoz Perez

and Medina (2010) found that hard landforms provide protection from wave energy and

increase beach stability. Vousdoukas et al. (2009) and Gallop et al. (2011b, 2012a) sug-

gested that hard landforms may reduce cross-shore sediment transport, therefore reducing

beach erosion but also limiting recovery.

However, little is known about how longshore variations in hard landform topography

affect beach morphodynamics. At Yanchep (Figure 5.1), Western Australia, Gallop et al.

(2011b, 2012a) investigated the response of perched beaches to erosive events by observing

the evolution of three beach profiles to strong sea-breeze and storm events. Despite the

profiles being only several hundred metres apart, the magnitude and timing of erosion and

accretion varied greatly along the beach. However, with the spatially-limited field mea-

surements it was only possible to speculate about the relative influence of rock topography

on cross-shore and longshore sediment transport.

The aim of this study was to investigate whether spatial variations in rock topography

at Yanchep influence perched beach morphology predominantly by altering the cross-shore

or alongshore sediment flux. To achieve this, the three objectives were:

1. Re-write XBeach to run on a computers Graphics Processing Unit (GPU) to decrease

running time and allow a high-resolution model capable of resolving the influence of

the reefs on sediment transport;
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2. Simulate a winter storm, validate with field measurements and use the hydro- and

morpho-dynamic outputs to investigate the influence of reefs on cross-shore and

longshore sediment transport;

3. Undertake a sensitivity analysis to investigate the role of reef roughness on circulation

and the role of the elevation on the reef relative to sea level on the sediment fluxes.

The format of this chapter is as follows. In section 5.3, the field site is described and the

findings of the observational study by Gallop et al. (2012a) are summarised. In section 5.4

we briefly describe the model and present how it was applied at Yanchep and was validated

with field data. In the results section we demonstrate how the reef topography influenced

the hydrodynamics and the magnitude of erosion during the storm. In the discussion

section, findings from Gallop et al. (2012a) are compared to the results of the model and

the implications of these findings are considered.

5.3 Background

5.3.1 Study site

Perched beaches are a common feature of the Western Australian coastline. In the Perth

region, Tamala Limestone (Pleistocene) outcrops on the inner continental shelf as a series

of discontinuous ridges (Figure 5.1b). The furthest ridge outcrops 20km offshore and

forms Rottnest and Garden Island. The inshore ridge coincides with the shoreline and

has highly variable alongshore topography. This creates a diverse geological framework

that supports perched beaches. The reef at Yanchep (Figure 5.1c), located 60km north of

Perth, varies alongshore in elevation, continuity and distance seaward from the beach. This

makes this relatively short, 3km-stretch of coastline an ideal location to investigate how

rock topography influences beach morphodynamics. The beach on the southern section

(bluff beach), is perched on a sub-horizontal limestone platform (the bluff) that reaches

0.4m above mean sea level. Heading north, the reef outcrop is further from the coast

constricting a narrow lagoon. North of the lagoon, the limestone becomes more patchy

forming bommies, defined as isolated submerged rock outcrops that cause waves to break

outside of the surf zone. Further north, the reef is still present a few metres below mean

sea level, intermittently buried in the sand. The northern limit of the beach is marked by
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a larger reef outcrop and a groyne installed in 1971.

5.3.2 Regional oceanography

In the region around Yanchep the diurnal tidal component has a range of 0.60m and the

semidiurnal tide has a range of only 0.20m (Pattiaratchi and Eliot, 2008). The offshore

wave climate is dominated by swell and storms generated in the Southern Ocean. Offshore,

near Rottnest Island (Figure 5.1b) the annual mean significant wave height is 2.14m and

exceeds 4m 10% of the time (Chapter 3). However, most of the offshore wave energy is

dissipated on the inner shelf by the limestone ridges. For example, during a storm in

July 2010 only 20 to 30% of the wave energy reached the shore at Yanchep (Gallop et al.,

2012a). Despite the protection provided by the offshore ridges, waves exceeding 1m occur

at Yanchep during winter storms and summer sea-breezes (Gallop et al., 2011b, 2012a).

5.3.3 Previous field studies at Yanchep

Hydrodynamic and morphological changes at Yanchep during a week long period of sea-

breezes and a winter storm were measured in February and July 2010 (Gallop et al.,

2011b, 2012a). During both campaigns, wave, current and sea level measurements were

made within the surfzone (Figure 5.1c), and high resolution subaerial beach profiles were

monitored every 2 hours. Data collected during the sea-breeze event were only used for

model validation and therefore won’t be described here, but details are provided by Gallop

et al. (2011b). The storm event measured was the first storm of 2010 with two fronts

crossing the coast on the 8th and the 11th of July. Waves were largest after the second

front with significant wave height reaching 6m offshore near Rottnest Island (Figure 5.1b).

The wind characteristics were typical of fronts crossing the coastline of Western Australia

(Gentilli, 1972), with northerly to northwesterly winds preceding the arrival of the front

then switching west to southwesterly during and after the passage of the front. This cycle

of wind direction occurred with each front but with stronger winds (>15ms−1) during the

second front. During the storm experiment, three subaerial beach profiles were monitored:

a profile north of the bluff beach where the reef reached approximately 0.4m above mean

sea level; a profile fronted by a reef at mean sea level on the south edge of the Bommie;

and an exposed profile fronted seaward by an intermittently buried reef 3m deep north of

the Bommie (Figure 5.1c). The hydrodynamic conditions were monitored in the surfzone
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fronting the exposed and reef profiles but limited data were obtained due to energetic

conditions. Erosion was considerably variable alongshore and was dependent on the rock

topography. Overall, the reef profile was most stable during the storm due to short periods

of accretion at times of lower water level during the storm (Gallop et al., 2012a). In the

month following the storm, the exposed profile recovered substantially whereas the bluff

profile barely changed. Gallop et al. (2012a) hypothesised that a scour step formed seaward

of the bluff during the storm may have contributed to inhibition of recovery. They also

suggested that the beach response varied with the alongshore rock topography, but due to

lack of data, they could not evaluate the influence of alongshore rock topography on the

sediment transport and the beach erosion and recovery.

5.4 Methods

In order to identify the processes dominating sand transport at Yanchep Lagoon, a numer-

ical model was used to simulate the storm period in July 2010 surveyed by Gallop et al.

(2012a). Due to the limited hydrodynamic data collected during the storm, the model

was first validated using data from the sea-breeze period in February 2010 measured by

Gallop et al. (2011b) before the storm period was simulated. The model formulations are

presented here, as well as the model set up, validation and sensitivity analysis.

5.4.1 Model formulation

In order to resolve the variation in topography of the reef at Yanchep, a high spatial

resolution model (∼5m) was required. However, high resolution requires a small time step

which typically results in slow model runs. This makes the simulation of periods more

than a week long unpractical without access to supercomputers. Recent efforts in GPU

computing achieved calculations that are orders of magnitude faster than using a Central

Processing Unit (CPU) platform (Huang et al., 2011; Mielikainen et al., 2012). Because

GPU are available in most desktop computers, it was chosen as a computing platform

to perform the process-based morphological simulations. The model developed for this

study used identical formulations to XBeach (Roelvink et al., 2009), but was re-written

to perform the calculation on the GPU and achieve a substantial reduction in model run

time. Hereafter the model is referred to as XBeach GPU. Because XBeach GPU is quasi-
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identical to XBeach, only a short description of the governing equations and parallelization

of the code is given here. Details of the XBeach formulation are provided in Roelvink et al.

(2009) and the XBeach manual.

As in XBeach, the wave action balance equation was used to resolve the evolution of the

wave energy in the nearshore (Equation 5.1). The equation is dependent on the directional

distribution of the wave-action density and the frequency spectrum is represented by a

single representative frequency.

∂A

∂t
+
∂cxA

∂x
+
∂cyA

∂y
+
∂cθA

∂θ
= −Dw

σ
(5.1)

where A is the wave-action density, defined as A = E/σ where E is the energy density

of the wave in m2Hz−1; c are the wave-action propagation speed in x, y direction and in

θ space. σ is the representative wave angular frequency and Dw is the wave dissipation.

The wave dissipation includes the contribution of wave breaking using a model from

Roelvink (1993), and a bottom dissipation term. Bottom dissipation term is defined in

Equation 5.2.

Db =
2

3π
ρfwUorb

3 (5.2)

where fw is the bottom dissipation parameter, Uorb is the bottom orbital velocity and

ρ is the water density. In coral reef environments, suggested values for fw range from 0.08

to 0.7 (Gerritsen, 1981; Hearn, 1999; Lowe et al., 2005; Péquignet et al., 2011). This wide

range is due to the variable roughness in different areas of the reefs. XBeach GPU was

modified so that users can provide separate value of spatially variable fw for sandy areas

and reef outcrops (see below).

The wave force can be calculated from the wave radiation stress and the roller energy.

This then acts as a forcing term in the hydrodynamic part of the model with the shallow

water equation (Equation 5.3) and the continuity equation (Equation 5.4).

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
− fv − νh

(
∂2u

∂x2
+
∂2u

∂y2

)
=
τsx
ρh
− τbx
ρh
− g ∂η

∂x
+
Fx
ρh

(5.3a)

∂v

∂t
+ v

∂v

∂y
+ u

∂v

∂x
+ fu− νh

(
∂2v

∂y2
+
∂2v

∂x2

)
=
τsy
ρh
−
τby
ρh
− g∂η

∂y
+
Fy
ρh

(5.3b)
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∂η

∂t
+
∂hu

∂x
+
∂hv

∂y
= 0 (5.4)

where u and v are the depth averaged flow velocity using the generalised Lagrangian-

mean formulation (Andrews and McIntyre, 1978); η is the water level; F is the wave force

in x and y direction; νh is the horizontal viscosity; τs is the wind stress; and τb is the bed

shear stress (Equation 5.5)

τbx = cfρuE

√
(1.16URMS)2 + VmagE

2 (5.5)

where uE is the Eulerian component of the depth average velocity; URMS is the near-

bed short-wave orbital velocity; VmagE is the magnitude of the eulerian component of the

depth averaged velocity; cf is the bed friction parameter. Reefs are rougher than sand,

therefore the model was designed to use a separate value of cf for the sandy area and for

the reef outcrops.

Equations 5.1, 5.3 and 5.4 control the simulation of the hydrodynamics in the model.

In order to simulate the morphology, a sediment transport equation was included. The

sediment advection and diffusion is as follow:

∂hC

∂t
+
∂hCua
∂x

+
∂hCva
∂y

− ∂

∂x

[
Dhh

∂C

∂x

]
− ∂

∂y

[
Dhh

∂C

∂y

]
=
hCeq − hC

Ts
(5.6)

where C is the depth-averaged sediment concentration; Ceq is the equilibrium concen-

tration; Dh is the sediment diffusion coefficient; ua and va are the Eulerian component of

the depth averaged velocity combined with the contribution of wave asymmetry and skew-

ness. The entrainment of sediment is represented by an adaptation time (Ts = 0.05 h
ws

)

dependant on the water depth (h) and the fall velocity of sediment (ws). The equilibrium

concentration is calculated using the Soulsby, van-Rijn formulation (Soulsby, 1997).

Ceq =
Asb +Ass

h

((
uE

2 + 0.018
URMS

2

Cd

)0.5

− ucr

)2.4

(1− αbm) (5.7)

where Asb and Ass are the bed load and suspended load coefficient; Cd is the drag

coefficient; ucr is the threshold for mean and orbital velocity to set sediment in motion;
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m is the bed slope and αb is a calibration factor.

XBeach GPU does not currently include all the features present in XBeach. It does

not yet handle curvilinear grids, nor the shoaling and breaking delay. It can only take

into account one class of sediment, i.e. one grain size, density and fall velocity, and one

sediment layer, although it can include a non-erodible layer. XBeach GPU includes an

additional function not present in XBeach to assign a separate bed friction (cf ) and bottom

wave dissipation factor (fw) for the area covered with sand and areas where reefs outcrop.

After each morphological time step the model checks how much sand covers each model

cell. If the sand layer becomes less than 0.05m deep, fw and cf are assigned user values

for reefs. Values of cf and fw used in the simulations are described in Table 5.1.

5.4.2 GPU formulation

XBeach GPU has a significant benefit in that it can utilise the high memory bandwidth

and the many cores available on the GPU. It was written in Nvidia Compute Unified Device

Architecture (CUDA) which is an extension to the C language that allows calculations to

be performed on Nvidia GPUs. Re-writing XBeachs Fortran code in CUDA C syntax

required only minor adaptation of the fundamental equations but required a complete

restructuring of the code. In the GPU code structure (Figure 5.2), all the arrays needed in

the computation are copied on the GPU global memory at the beginning of the simulation.

Then for each time step the code runs a series of functions (kernels) that essentially

substitute each loop through the model domain in the Fortran code of XBeach. Each

kernel contains a list of instructions executed independently in parallel where each grid

node is assigned to a single GPU thread. An example of kernel is presented in Figure 5.3

which shows the pseudo-code for calculating the slopes in water level. The code to calculate

the slopes and write it back to the array (pink text) is identical in the CUDA version and

in the Fortran version. The double loop used in the Fortran version to calculate the slope

at every point in the grid is replaced in the CUDA version by a call to the kernel and the

two first instructions in the kernel which assign each grid node to a GPU thread. The last

instruction of the kernel is to write the result of the calculation back to the GPU global

memory so it can be easily shared by all the GPU threads. When the model reaches a

step to save the model results to a file, all the arrays are retrieved from the GPU global

memory to the CPU and are written to a netcdf file.
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Figure 5.2: Diagram of the GPU model structure.

! Water level slopes

do j=1,ny+1

      do i=1,nx+1

            dzsdx(i,j)=(zs(min(i+1,nx+1),j)-zs(i,j))/dx

            dzsdy(i,j)=(zs(i,min(j+1,ny+1))-zs(i,j))/dx     

      enddo

enddo 

__global__ void wlevslopes(...)

{

      int i = blockIdx.x*blockDim.x + threadIdx.x

      int j = blockIdx.y*blockDim.y + threadIdx.y

      

      dzsdx[i,j] = (zs[min(i+1,nx),j]-zs[i,j])/dx;

      dzsdy[i,j] = (zs[i,min(j+1,ny)]-zs[i,j])/dx;

}

CPU FORTRAN pseudo-code: CUDA kernel pseudo-code:

Figure 5.3: CUDA and Fortran pseudo-code for calculating slopes in water level.

With limited modification of the XBeach code the GPU substantially reduced com-

puting time. The simulation of the storm event described in this paper with XBeach GPU

took 15h to complete on a computer using the Nvidia GTX 590 GPU. To run the same

simulation on the same machine using 8 processors simultaneously with the MPI protocol

would have taken 20 days with XBeach (i.e. 32 times slower).

5.4.3 Simulation set up

The bathymetry grid for the model was created by interpolating data from a hydrographic

survey, a beach survey, LIght Detection And Ranging (LiDAR) data and visual interpre-

tation of satellite imagery. The grid was shore parallel (i.e. rotated 26°clockwise from the
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north), extending 2.6km alongshore and 1.2km cross-shore at 5m resolution (Figure 5.4a).

At the longshore edges of the grid, the bathymetry was altered to remove gradients per-

pendicular to the side boundaries. The location of the offshore boundary was selected to

comply with the uniform forcing on the offshore boundary required by the model, hence

the bathymetry at the offshore boundary showed only small gradual changes and the waves

along this edge were relatively uniform. To comply further with the uniform forcing the

bathymetry grid on the offshore edge was set to a mean value for the three first cells then

graded linearly to the real bathymetry across 25m. The same bathymetry was used in the

sea-breeze and storm simulations.

Information on thickness of the sand layer was not directly available for Yanchep beach.

Instead, the sand thickness was estimated using satellite imagery and field observations.

The water at Yanchep is clear and one can easily distinguish between sandy areas and

reef areas using satellite images. Reef areas were digitized from a satellite image from

July 14th 2010 (Figure 5.1c). Additional images were also used to differentiate between

transiting wrack (sea weed) and the reef. Arbitrary values of sand thickness were assigned.

Areas of reef were assigned a sand thickness of 0.0m. Areas with partially covered reef or

close to a large reef outcrops were assigned 0.5m of sand thickness and the centre of large

sandy areas were assigned a value of 5.0m. The digitized sand thickness values were then

interpolated to a grid of identical dimension to the bathymetry grid (Figure 5.4b).

The model was forced using time series at the (1) offshore boundary by sea level

and wave energy; and, (2) sea surface by spatially uniform wind across the grid domain.

The sea-breeze period was simulated for 6 days beginning on 1st of February 2010. The

model was forced using wave and sea level data collected by an ADCP located offshore in

10m water depth (Figure 5.1c). Sea-level data were smoothed and sub-sampled to hourly

values. The mean value was removed and the data corrected to chart datum. Half-hourly

wind speed and direction data collected by the Bureau of Meteorology at Ocean Reef

(Figure 5.1b) were used as wind forcing. The wave spectrum from the offshore ADCP

was used to generate the offshore wave boundary. The storm was simulated for nine days

starting on the 6th of July 2010. During the storm event no hydrodynamic data were

collected outside the surfzone. Therefore sea level data from Fremantle tide gauge were

used on the boundary and wind data from Ocean Reef was used across the grid. Only

the wave data collected near Rottnest Island were available for the storm, therefore, an
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Figure 5.4: (a) Model bathymetry with hachures showing the outcropping reefs and (b)
sand depth.

intermediate model was required to simulate the evolution of the waves as they crossed

the continental shelf. Simulating WAves Nearshore (SWAN) (Booij et al., 1999) was used

to simulate the waves on a 10m resolution bathymetry of the continental shelf forced with

wind from Ocean reef, sea level from Fremantle and the wave parameters from Rottnest

Island. Spectra of wave density extracted from the SWAN model at the location of the

Yanchep model boundary was used as forcing (Figure 5.5). Both simulations used the

same bathymetry and the same parameters as specified in Table 5.1.

5.4.4 Model validation

Model parameters selected for the simulations are presented in Table 5.1. Some parameters

were selected through a calibration process because the values were thought to be site

specific or event specific. These include the bottom friction for sand and reef(cf sand

and cf reef ), the bottom wave dissipation(fwsand and fwreef ), the suspended and bed

load calibration factors and the wave skewness and asymmetry factors. The resulting

simulations were validated against data collected during the sea-breeze (Gallop et al.,

2011b) and storm campaigns (Gallop et al., 2012a). The model validity was quantified
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Table 5.1: Model parameters used for the storm simulation. * represents calibrated values,
+ represents values calculated from field experiments and unmarked values were default
values or values constrained by the model.

Parameter Value Parameter Value

Time step (s) 0.25 Drying height (m) 0.02
Bottom friction for sand*
(cf sand)

0.005 Bottom friction for reef*
(cf reef )

0.01

Viscosity (m2s−1) 0.05 Roller dissipation factor*
(nuhfac)

0.2

Latitude (°) -32 Wind drag* 0.002
Breaker parameter (gamma) 0.45 Power in dissipation model*

(n)
8

Wave dissipation coefficient 1.0 Maximum wave to depth ratio 1.7
Breaker slope coefficient
(beta)

0.15 Wave current interaction 1

Bottom wave dissipation
sand* (fwsand)

0.01 Bottom wave dissipation reef*
(fwreef )

0.7

D50 (mm)+ 0.38 D90 (mm)+ 0.53
Sand density (kg.m-3)+ 2650 Settling velocity (ms−1)+ 0.051
porosity 0.4 Morphological factor 1.0
Suspended load calibration
factor*

1.5 Bedload calibration factor* 1.5

Skewness factor* 0.2 Asymmetry factor* 0.2

using the index of agreement (skill) defined by Willmott (1981) as:

skill = 1−
∑
|Xmodel −Xobs|∑(∣∣Xmodel −Xobs

∣∣+
∣∣Xobs −Xobs

∣∣)2 (5.8)

where a skill of 1 is a perfect match with observation, a skill score above 0.9 corresponds

to an excellent agreement, the model captures the phase, period and amplitude of the

observation with less than 10% error, a skill score of 0.5 is considered the limit for a

reasonable agreement because the models usually captures the mean and the amplitude

of the variations but not the phase and periods of theses variations.

The sea-breeze simulations were compared with hydrodynamic measurements made

by selected instruments in Table 5.2. Overall, the simulated depth-averaged velocities

corresponded well with the measurements, particularly at the ADCP seaward of the lagoon

reef (Figure 5.6). At this offshore location the currents are driven alongshore by the wind.

The cross-shore current is driven by waves breaking on an offshore bommie. Both processes

were simulated with a skill of 0.96 and 0.86 for the longshore and cross-shore velocities

respectively. In the lagoon, the longshore velocity was simulated with a skill of 0.94.
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At the Reef location, simulated root mean square wave height matched measured data

with a skill of 0.95. Shoreward of the area, where waves break on the reef, wave height at

the south frame had a skill of 0.71. During the storm experiments, no reliable current data

were collected, but root mean square wave height and sea level data were collected in the

surfzone south of the Bommie (Figure 5.7). The skill of the simulated root mean square

wave height was 0.90 and skill for the simulated depth was 0.84. Water depth measured

and simulated during the storm includes the variation in water level as well as the erosion

of the sandy bottom (Figure 5.7).

Global Positioning System (GPS) drifters (see Johnson and Pattiaratchi (2004) for

a description of the drifters) were released in the lagoon during both field experiments.

The complex circulation and velocities measured by the GPS-drifters are resolved in the

model simulation (Figure 5.8). In particular, the release of the drifters corresponded to

the relatively short time when the jet turned south after exiting the lagoon. The simulated

current speed along the track of the drifters correspond to the measured current speed with

skill of 0.66. The relatively low skill score is partly because the simulated velocities are

constantly lower than the measured velocity with the drifter, this bias could be because the

drifters measured velocities near the surface whereas the simulations were depth-averaged

velocities.

During the sea-breezes and storm event, beach elevations were measured on the sub-

aerial beach only. The morphology changes measured and simulated were compared for

one elevation in each profile (Figure 5.9). General trends in the morphology were relatively

well captured for the sea-breeze cycle at the exposed profile and the reef profile with a

skill of 0.77 and 0.68 respectively (Table 5.3). During the storm, three subaerial beach

profiles were monitored. The elevation of the beach at the reef profile and the bluff profile

was simulated with skills of 0.85 and 0.87 respectively (Table 5.3). The lower part of the

exposed profile quickly eroded so data were only available for the upper part of the profile.

The model simulated the elevation of the upper profile with a skill of 0.59 (Table 5.3).

5.4.5 Sensitivity analysis

Although the model was satisfactory validated, a sensitivity analysis informs on the ro-

bustness of the validation and establishes whether the validation can be improved. In this

section we investigate the role of the roughness of the reef on the circulation by comparing
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Table 5.2: Skills for hydrodynamic parameters for the sea-breeze simulation.

Location parameter Skill

Offshore ADCP longshore velocity 0.84
Offshore ADCP cross-shore velocity 0.49
Outside lagoon ADCP longshore velocity 0.96
Outside lagoon ADCP cross-shore velocity 0.86
Outside lagoon ADCP sea level 0.99
Outside lagoon ADCP root mean square wave height 0.95
Inside lagoon ADCP longshore velocity 0.90
Inside lagoon ADCP cross-shore velocity 0.59
Reef profile ADV root mean square wave height 0.71
Exposed profile ADV sea level 0.84
Exposed profile ADV root mean square wave height 0.90
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Table 5.3: Morphological skill for storm and sea-breeze simulation.

Profile Skill

Exposed (sea-breeze) 0.77
Reef (sea-breeze) 0.68
Exposed (storm) 0.59
Reef (storm) 0.85
Bluff (storm) 0.87

Table 5.4: Parameters and values tested in the currents sensitivity analysis

Parameter Values

nuhfac 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
n 4 5 6 7 8 9 10 11 12

gamma 0.4 0.5 0.6 0.7 0.8 0.9
beta 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
cf reef 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050

fwreef 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

the currents simulated with different values of bottom wave dissipation, bed friction. In

addition to the bottom friction parameters four other model parameters in XBeach GPU

(Table 5.4) were investigated: the roller dissipation viscosity factor (“nuhfac”); the breaker

parameter (“gamma”); the power in dissipation model (“n”); the breaker slope coefficient

(“beta”). Each parameter was tested across their valid range increasing the value linearly

leading to a total of 55 model runs. For each value of the parameters the model was run

for two hours and the output was saved for the second hour corresponding to midnight

July 13th 2010. The boundary conditions, bathymetry and other parameters remained

unchanged (i.e. as in Table 5.1). For each parameter, the sensitivity was calculated as the

standard deviation of simulated velocities for all the values.

In addition to hydrodynamics, the sensitivity of the morphodynamics was tested with

only two additional model simulations: (1) a model where the roughness of the outcropping

reefs is ignored (i.e. cf reef == cf sand and fwreef == fwsand); and (2) a model where all

reef elevation are lowered by 1m including the buried reefs. Both cases were simulated

for the duration of the storm (i.e. nine days) with all the other parameters kept as in

Table 5.1.
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5.5 Results

5.5.1 Storm simulation

The majority of erosion during the storm occurred on sections of the beach fronted by

reefs (Figure 5.10). To the south of the bluff beach, in the lagoon, and south of the groyne

there was up to 4m erosion. On the southern side of the bluff beach, 50% of the beach

volume was eroded, exposing the underlying reef. In contrast, on the northern side of the

bluff, only ∼1m of beach was eroded. In the lagoon, the subaerial beach eroded by 1m

whereas the submerged part of the beach eroded by 2 to 3m. The erosion of the lagoon

extended to the lagoon mouth and south of the Bommie. North of the Bommie the erosion

was limited to the dry beach and the submerged beach accreted. Closer to the groyne the

erosion of the dry beach was close to 3m (Figure 5.10).

Major erosion occurred at locations near submerged reefs where the currents formed

strong jets with velocities exceeding 1ms−1 (Figure 5.10). During the majority of the storm

duration, the area between the lagoon and the groyne was influenced by the jet generated

by the reef south of the groyne and the jet generated within the lagoon. The direction

of the jets depended on the shape of the reef but also varied with the meteorological and

oceanographic conditions. For example, the lagoon jets flowed northward along the shore

restricted between the reef and the beach but when it exited the lagoon it flowed directly

westward on the 13th of July 2010 at midnight, northward toward the Bommie on July

13th 2010 at 23:00 and southward on the offshore side of the reef on the 11th of July 2010

at 17:00 (Figure 5.11a, b and c, respectively).

At the location where the lagoon jet decreased in speed, along the northern edge of

the Bommie, 3m of sand was deposited. Sand also accumulated seaward of the bluff and

seaward of the exposed beach during the storm (Figure 5.10).

During the storm, the average wave height remained below 1m except near the bluff

(Figure 5.12b). The wave heights were a minimum within the lagoon and shoreward of

the reefs. However, the wave set-up was maximum, with an average set-up of 0.2m, on the

bluff grading down to 0.05m between the lagoon entrance and the Bommie (Figure 5.12a).

This gradient in water level between the lee of the reefs and the exposed beach was the

driving force of the strong longshore jets that transported sand alongshore to the exposed

beaches and offshore (Figure 5.12c).
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Figure 5.10: Simulated morphological changes after the storm: (a) map of the total changes
in elevation overlain with the initial beach elevation contours at 1m spacing; the thicker
contours represents -5m 0m and +5m. (b) the volume eroded from the beach profiles (plain
line); portion of the erosion from the subaerial beach profile (dotted line) and portion of
the erosion from the submerged beach profile (dashed line). The grey shading corresponds
to the perched beaches.
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Table 5.5: Sensitivity of the simulated currents to selected model parameters

Parameter Max. sen-
sitivity to
cross-shore
velocity (ms−1)

Max. sensitiv-
ity to longshore
velocity (ms−1)

Mean sen-
sitivity to
cross-shore
velocity (ms−1)

Mean sensitiv-
ity to longshore
velocity (ms−1)

nuhfac 0.198 0.210 0.008 0.011
n 0.159 0.176 0.011 0.017
gamma 0.531 0.480 0.010 0.014
beta 1.272 0.344 0.011 0.014
cf reef 0.708 0.582 0.028 0.040

fwreef 0.859 0.583 0.043 0.059

5.5.2 Sensitivity

The sensitivity of the simulated currents was tested for the six parameters listed in Ta-

ble 5.4. The model was twice as sensitive to roughness (i.e. parameters fw and cf ) than

to all three wave breaking parameters (i.e. parameters n, gamma and beta) and three

times more sensitive to roughness than to the roller dissipation viscosity factor (nuhfac)

(Table 5.5). The mapping of the sensitivity to the roughness parameter shows that the

most sensitive areas in the model were the shallow reefs and locations of strong jets.

The area near the lagoon jet had a much higher sensitivity (0.3ms−1) than the average

(0.05ms−1) for the whole domain. This is despite the sandy bottom where the parameters

for roughness remained unchanged (Figure 5.13).

The role of the roughness in influencing the morphodynamics of the beach during the

storm was tested using a simulation where the roughness of the reefs was ignored (i.e.

fwreef == fwsand and cf reef == cf sand). This resulted in twice the erosion of the original

storm simulation in the vicinity of the reefs (Figure 5.14a). Ignoring the roughness of the

reef had a larger consequence on the simulated erosion than using reef elevations lowered

by 1m. In this simulation the erosion was virtually identical to the simulation with the

original bathymetry (Figure 5.14b).

5.6 Discussion

In this first study of the alongshore variability of perched beaches, we simulated the effect

of a storm on a perched beach which generated nearshore currents exceeding 1ms−1. The

morphodynamic response of the beach varied considerably alongshore. The beachface
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eroded 4m near the edge of the reef whereas away from the reef the beachface eroded by

1m. The contribution of the variable topography of the reef on the response of the beach

is discussed below.

5.6.1 Alongshore variation of reef elevation

The conclusions drawn by Gallop et al. (2012a) on the dynamics of perched beaches were

based on detailed measurements of three subaerial beach profiles at Yanchep during a

storm which occurred in July 2010. The simulated results of that same storm provide

detailed morphodynamics along the whole length of beach and from the dunes out to the

10m depth contour. The results of the simulation highlighted that subaerial beaches at

Yanchep eroded less in the lee of intertidal reefs. This was expected, because reef fronted

beaches are considered more stable (Eversole and Fletcher, 2003). The intertidal reefs also

prevented offshore sand flux but this did not retain the sand in the lagoon but, instead,

exported it out of the perched beach through alongshore current jets. These jets within

the lagoon and south of the groyne were strong enough to erode deep channels in the

submerged beaches (Figure 5.10). The erosion was larger beyond the alongshore edges

of the reef due to the added erosive effect of the waves and the jet turning offshore. We

can therefore conclude that at Yanchep, the alongshore variation in topography of the reef

resulted in: (1) a reduction of the offshore sand flux; and, (2) an enhanced alongshore sand

flux. These findings are consistent with Gallop et al. (2012a). However, at locations where

the elevation of the reef was sharply reduced in the alongshore, waves impacted directly on

the beach and the alongshore flow veered offshore causing an enhanced offshore sand flux

and therefore more erosion than elsewhere on the beach (Figure 5.10b). The circulation

pattern of the flow at the edge of the reef is similar to circulation patterns that have

previously been observed during laboratory experiments and simulation on a low-crested

breakwater (Groenewoud et al., 1996; van der Biezen et al., 1998; Ranasinghe et al., 2010;

Villani et al., 2012) and are believed to be responsible for erosion in the lee of submerged

engineering structures installed too close to the shore (Ranasinghe and Turner, 2006). In

the case of perched beaches this indicates that the boundaries between sandy and perched

areas are likely to be erosion hot spots.

Erosion in the lagoon was caused by an alongshore current jet, driven by wave set-

up. This jet is essentially a topographically-controlled current that is forced to follow the
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reef contours alongshore. During the storm, the average sand flux north of the lagoon

was directed northward driven by the lagoon jet (Figure 5.12c), which is opposite to the

expected direction of sand flux with north-west waves (Figure 5.5). The lagoon is closed

to the south so the build up of water can only escape to the north. The current gains

enough momentum in the process to keep flowing north even after exiting the lagoon.

The occurrence of such jets around reefs has commonly been observed in the vicinity of

engineered structures (Dean et al.; Johnson et al., 2005; Ranasinghe et al., 2006) and can

sometimes form circulation cells in the lee of the reef (Ranasinghe et al., 2010). These

jets have been linked to beach erosion in the lee of low-crested structures in the nearshore

(Ranasinghe and Turner, 2006) but their role in beach erosion and recovery is unclear.

In the case of Yanchep Lagoon, the lagoon jet was sufficiently strong to influence the

nearshore hydrodynamics more than a 1,000m down-drift (Figure 5.12c). There were also

other jets formed in the lee of the groyne reef (Figure 5.11a) and to a smaller extent near

the Bommie (Figure 5.11c). At the Bommie, the lagoon jet was so strong that it may have

prevented the formation of jets by the Bommie. At the peak of the storm the jet from

the lagoon flowing northward and the jet from the groyne reef flowing southward were

converging north of the Bommie (Figure 5.11b). The sand carried by both jets settled

at this convergence zone forming 3m of sand accumulation (Figure 5.10). The extent of

this sand accumulation was confirmed by the difficult post-storm recovery of a buried

(∼1m) ADCP deployed near the 7m depth contour seaward of the Bommie. The sand

fluxes during the storm were therefore controlled by the path of the jets. The lagoon jet

influenced the morphological response of the beach at least as far as 700m north of the

lagoon (Figure 5.12c). We can therefore conclude that the classification of perched beaches

cannot be solely base on the cross-shore presence and topography of hard landforms, but

needs to include the presence and longshore topography of hard landforms.

5.6.2 Sensitivity analyses

Erosion in the lee of the reef was caused by current jets generated from the gradient in

wave set-up. In the reef that fronts Yanchep Lagoon, wave set-up gradient is a direct

consequence of the gradient in the elevation of the reef and the width of the lagoon (Lowe

et al., 2010). Therefore, the elevation of the reef should not be a dominant factor in

controlling the strength of the jet and the resulting erosion as long as: (1) the elevation
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of the reef results in wave breaking; and, (2) the reef elevation is low, such that waves

completely overtop the reef. This was confirmed by the virtually identical erosion that

occurred in the model when all the reef elevations in the model domain were lowered by 1m

(Figure 5.14b). This simulation provides an insight of the beach response to a storm with

a sea level rise of 1m which could happen over the 21st century (Hunter, 2009). Despite

this elevated sea level, the processes that controlled the erosion, i.e. the currents jets,

were mostly unchanged. However, the shoreline response to sea level rise has not been

considered with this simulation and therefore we cannot assume that the beach response

at Yanchep will remain unchanged with sea level rise. More work is required before we

can draw conclusions on the effect of sea level rise on perched beaches.

The speed and direction of the jets were not sensitive to the elevation of the reef

but were more sensitive to reef roughness, represented by cf and fw. In fact cf and fw

were the most sensitive parameters in the model. At Yanchep, the reef roughness plays

a major role in limiting the beach erosion by: (1) reducing the wave energy reaching the

beach; and (2) slowing the current jets generated in the lee of the reefs. The sensitivity

analysis also showed that the roughness of the reef influenced the position of the current

jets. These two parameters are therefore critical when simulating such environment and

relying on default or literature parameters is a doomed endeavour. There is, however, no

practical method to evaluate and map the values of cf and fw. Swart (1974) proposed

a formulation to calculate fw based on the size of roughness elements but mapping the

roughness of reef environment is still challenging. In order to better understand the role

of reefs on the morphodynamics of perched beaches, we need better tools to evaluate and

map the roughness of coral and temperate reefs.

5.6.3 GPU computing

Finally, the simulations presented here have all been calculated using a GPU, a novel com-

puting platform for process-based morphodynamics modelling. Using GPU is becoming

a popular alternative for computationally intensive simulations. In particular, GPU com-

puting allowed for Smoothed Particle Hydrodynamics simulation to be applied to coastal

engineering problems (Herault and Dalrymple, 2009; Crespo et al., 2011). In this study,

performing the calculations on the GPU led to a 32-time speed up. Further improving the

GPU implementation of the code and in particular the wave energy advection scheme will
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lead to even greater speed increase. The relative simplicity of the CUDA language means

that the use of GPU does not need to be restricted to computer scientists and therefore

we recommend a wider use of the GPU computing platform in oceanographic modelling.

5.7 Concluding remarks

In this first study of the alongshore variability of perched beaches, we simulated the effect

of a storm on a perched beach which generated nearshore currents exceeding 1ms−1. The

morpho-dynamic response of the beach varied considerably alongshore as a consequence

of variation in the topography of the reefs. The variation of the topography of the reef

was responsible for the formation of strong current jets which enhanced the alongshore

sand flux. The jets also enhanced the erosion at the boundary between the perched and

non-perched beach. These jets also directly influenced the morphological response of the

beach hundreds of metres away from the reefs.


