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Abstract 

The knowledge of a local wave climate is important for coastal zone planning, 

management, and protection and it is therefore critical to understand physical 

factors that influence and alter a local wave regime. This thesis aims to (1) 

investigate the influence of surface currents on the southwest Western Australian 

(SWWA) wave regime; (2) examine the influence of the Southern Hemisphere 

(SH) atmospheric circulation variability on the SWWA wave climate; and, (3) 

assess projected future changes in SWWA’s wave climate due to climate change. 

This was achieved by applying a range of numerical models, complemented by 

observational data, to the region. It was found that on short timescales of a few 

days, the SWWA wave regime was significantly impacted by the Leeuwin 

Current, a strong, narrow, pole-ward flowing surface current along SWWA’s 

shelf edge and its associated meso-scale eddy field. Results show that significant 

wave heights can be altered by ±25% and wave directions by ±20° due to wave-

current interaction offshore of SWWA. On longer timescales (months to years), 

the SWWA wave climate was mainly modulated by fluctuations in the Southern 

Ocean (SO) storm belt and the subtropical high-pressure ridge (STR). High 

correlations between the local wave climate and the latitudinal STR position 

(STRP) and the STR intensity (STRI) were found. The atmospheric conditions 

that drive significant wave height anomalies appear to be analogous to the 

conditions that drive SWWA rainfall. When assessing projected changes in 

offshore, shelf, and nearshore wave climates under two representative 

greenhouse gas concentration pathways (RCP4.5 and RCP8.5), results indicated 

that projected changes in offshore wave heights (2-6%) occurred mainly due to 

an increase in SO storm intensity. In contrast, projected changes in significant 

wave heights on the shelf (up to 10%) were a result of changing offshore wave 

directions due to a southward shift of the SO storm track. Nearshore, changes in 

wave energy flux (up to 20%) are projected to be dominated by increased mean 

sea levels due to climate change. This thesis improved the understanding of the 

complex SWWA wave climate and may be useful for future coastal engineers 

and managers. Methodologies presented here may be applied to other regions, to 

evaluate short and long-term wave climate variability and assess projected 

changes in wave climates due to climate change. 
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Chapter 1 

1. Introduction 

1.1 Overview 

Wave-driven processes are responsible for sediment resuspension, transport, and 

mixing in coastal zones. These processes depend on the wave direction and 

power of the incident waves (e.g. Masselink and Pattiaratchi, 2001). A thorough 

understanding of the regional wave climate is therefore necessary to allow an 

informed and effective management of a coastline.  

 

Southwest Western Australia and the Perth metropolitan area (SWWA; Figure 

1.1) is exposed to large waves generated by storms in the Southern Ocean (SO) 

(e.g. Bosserelle et al., 2012), as well as to locally wind generated waves (e.g. 

Pattiaratchi et al., 1997). The coastline is therefore subject to the risk of coastal 

erosion. However, the energetic wave climate also offers the opportunity to 

develop renewable wave energies in the area (Hemer et al., 2016). It is therefore 

critical to understand the SWWA wave climate and its short- and long-term 

variability. Whilst the offshore mean and extreme wave climates of SWWA are 

well studied (Bosserelle et al., 2012; Lemm et al., 1999; Li et al., 2012), 

relatively little attention has been paid to the shelf and nearshore wave climate, 

and studies are generally limited to a specific site, mainly in the Perth 

metropolitan area (Masselink and Pattiaratchi, 2001, 2000; Pattiaratchi et al., 

1997). 

 

Coastal morphology and sediment transport is governed by nearshore 

hydrodynamics and waves, which are influenced by a range of processes at 

different spatial (from cm to > 100 km) and temporal (from seconds to centuries) 

scales (Figure 1.2). A definition of the different scales was given by Larson and 

Kraus (1995): (1) Micro-scale processes generally occur on timescales of several 

wave periods or less over spatial scales of mm to m.  Such processes include the 

movement of sediment grains by single waves and turbulence. (2) Meso-scale 

processes occur at a spatial range of m to km at temporal scales of hours to days. 
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Such processes include swells, tides, storms and local sea breezes, as well as the 

offshore currents and meso-scale eddies. (3) Macro-scale processes occur at 

timescales of months to years at a spatial extent of 10s of km and include large-

scale atmospheric variability, seasonal fluctuation of local wind regimes and the 

strength of offshore currents. (4) Mega-scale processes such as long-term climate 

change and sea level rise occur over decades and centuries over littoral cells. 

 

With increasing greenhouse gas concentrations in the atmosphere, global climate 

and atmospheric circulation patterns are likely to change over the next decades 

(IPCC, 2014). A thorough understanding of the atmospheric and oceanic systems 

at macro and mega-scales is therefore needed to assess the potential short- and 

long-term impact of a changing climate on regional wave climates. Recent 

research suggests intensifying trends in the Southern Ocean wind and wave 

climates (Bosserelle et al., 2012; Hemer et al., 2010), however their impact on 

the SWWA shelf and nearshore wave climate is relatively unknown. 

Furthermore, large-scale ocean currents (meso- to macro-scale) are known to 

influence regional wave regimes (e.g. Mapp et al., 1985). The SWWA offshore 

circulation is dominated by the Leeuwin Current (LC), a strong pole-ward 

flowing surface current with an energetic meso-scale eddy field (Godfrey and 

Ridgway, 1985; Griffiths and Pearce, 1985), however its influence on the 

SWWA wave regime is largely unknown. 

 

1.2 Objectives 

The overall objective of this thesis is to improve the knowledge of the SWWA 

offshore, shelf, and nearshore surface gravity wave climate and its variability at 

different (meso to mega) spatial and temporal scales. In particular, this study 

aims to investigate the response of the SWWA wave climate to changes in the 

offshore current regime and atmospheric circulation, and to determine 

projections of the future wave climate due to climate change. To achieve this, the 

following questions will be answered: 

 

1) What is the role of the offshore current regime on the southwest Western 

Australian surface gravity waves? 
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2) What is the influence of Southern Hemisphere atmospheric variability on 

the southwest Western Australian wave climate? 

 

3) What are the projected changes of the southwest Western Australian 

wave climate due to climate change? 

 

1.3 Structure 

In agreement with the guidelines of The University of Western Australia, this 

thesis is presented as a compilation of papers published in, or in preparation for 

submission to peer-reviewed scientific journals. Each paper corresponds to a 

chapter with identical content to the published/prepared work. Due to the 

completeness of each of the chapters, a small amount of repetition, particularly 

with regards to the description of the study site was unavoidable. 

 

The outline of the thesis is as follows: Chapter 2 describes the context of the 

original research and gives background information about the study area, the 

meteorology, oceanography, and the numerical models that were used. Chapter 3 

investigates the influence of the SWWA offshore current regime and particularly 

the Leeuwin Current and its meso-scale eddy field on the waves. The longer-term 

wave climate variability and its response to fluctuations in the Southern 

Hemisphere atmospheric circulation are described in Chapter 4. Projections of 

the regional future wave climate due to climate change are investigated in 

Chapter 5. Chapter 6 discusses the key findings from the previous chapters and a 

general conclusion is drawn in Chapter 7. 
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Figure 1.1 a) World map indicating the study area. b) Bathymetry map of 

southwest Western Australia. The Perth metropolitan area is located inshore of 

Rottnest Island. 

Figure 1.2 Schematic of important hydrodynamic and atmospheric processes in 

SWWA adapted from Larson and Kraus (1995). Red arrows indicate the spatial 

and temporal scales of each paper in this thesis. 
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Chapter 2 

2. Background 

2.1 Study area 

2.1.1 Geography 

Between 2001 and 2011, the Western Australian population increased by 24% 

(ABS, 2012). With most of the population living in coastal areas and the Perth 

metropolitan area in particular, a thorough understanding of the regional 

hydrodynamics is critical for future coastal zone management and planning.  

 

Southwest Western Australia (SWWA; Figure 1.1) is located on the eastern 

border of the southern Indian Ocean (IO). The bathymetry is complex, with 

offshore canyons, islands, reef systems, sandy beaches, perched beaches, river 

mouths, and headlands. The complex bathymetry combined with an energetic 

hydrodynamic regime, with strong offshore currents, meso-scale eddy fields, 

large swells and locally generated wind-waves make SWWA an ideal site to 

study a variety of oceanographic processes at different temporal and spatial 

scales.  

 

The inner shelf region of SWWA is mainly composed of Holocene deposits and 

sandy dunes deposited on Pleistocene dune limestone. The limestone is 

responsible for the formation of reef platforms and rocky headlands along 

SWWA (Searle and Semeniuk, 1985). The complex array of offshore reef 

systems varies along- and cross-shore in continuity and elevation (from 

supratidal to subtidal) and plays and important role in beach stabilization and 

erosion in SWWA (Gallop et al., 2015; Pattiaratchi et al., 2014). 

 

2.1.2 Meteorology 

In order to comprehend a regional wave climate, it is essential to understand the 

atmospheric processes that generate waves. The SWWA wave climate is 

dominated by: (1) swell generating storms in the mid to high latitudes of the SO 
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(roaring forties and furious fifties) (Bosserelle et al., 2012; Hemer et al., 2010); 

(2) the subtropical high-pressure ridge, a band of eastward traveling high-

pressure systems in the subtropics (Lemm et al., 1999; Williams and Stone, 

2009); and (3), the land sea breeze system (LSB), a local phenomenon impacting 

coastal wave climates during austral summer (Masselink and Pattiaratchi, 2001, 

2000; Pattiaratchi et al., 1997). 

 

The SO storm belt and the subtropical high-pressure ridge are components of the 

mean meridional circulation (MMC). An understanding of the SWWA wave 

climate therefore requires knowledge of the MMC (Figure 2.1). In the tropics the 

atmospheric circulation is dominated by the Hadley Cell (HC), a deep meridional 

overturning circulation. The ascending flow of the HC is fuelled by tropical 

meso-scale convective systems in the Intertropical Convergence Zone (ITCZ) 

near the equator (Fierro et al., 2009). The descending flow in the subtropics is 

mainly driven by radiative cooling and forms the subtropical high-pressure ridge 

at around 30° latitude (Cai et al., 2011b). The subtropical ridge is a band of high-

pressure systems encircling the globe associated with high evaporation rates and 

low precipitation rates. The strength and spatial extent of the HC varies 

seasonally and inter-annually (Oort and Yienger, 1996), resulting in the 

fluctuation of the subtropical ridge and the climate (precipitation, evaporation, 

winds) in subtropical regions (Cai et al., 2011b; Weller et al., 2012). The 

intensity of the HC is strongest in winter and weakest in summer (Nguyen et al., 

2013). 

 

The extra-tropics are dominated by the polar front, a result of warm tropical air 

meeting cold polar air. The polar front consists of eddies forming out of a 

symbiosis of the eddy-driven polar front jet and baroclinic waves (Lucas et al., 

2013). The polar front defines the position of the storm track or storm belt, a 

band of low pressure systems in both hemispheres, and is governed by annular 

modes (Lim and Hendon, 2010; Limpasuvan and Hartmann, 1999). The 

extratropical flow is dominated by a quasi-isentropic transport, where moist air 

rises in the polar front (resulting in precipitation), and flows equatorward with 

the moisture removed (Galewsky et al., 2005). The circulation is seasonally 

variable, and generally intensifies in the winter hemisphere 
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Figure 2.1 Schematic diagram of the components and physical processes of the 

idealized mean meridional circulation (MMC). The diagram represents the 

hemispheric annual and zonal-mean flow; a mirror image about the equator 

would represent the global MMC. Labels in all capital letters represent the main 

features of the MMC. Bold labels refer to subcomponents of the circulation and 

text in italic letters identifies important physical processes. The diagram was 

redrawn from Lucas et al. (2013). 

 

 

A common way to describe atmospheric circulation patterns is by using climate 

indices, often derived from atmospheric pressure gradients between certain 

locations. Relevant climate indices that have been previously linked to the 

SWWA and southern IO wave climate (Bosserelle et al., 2012; Hemer, 2010; 

Hemer et al., 2010; Li et al., 2011; Reguero et al., 2015) include: (1) the 

Southern Annular Model (SAM); (2) the Subtropical Ridge Position and 

Intensity (STRP and STRI); (3) the Southern Oscillation Index (SOI); and (4) the 

Indian Ocean Dipole (IOD). 

 

As indicated above, the SAM, also known as Antarctic Oscillation (AAO), is the 

primary mode of variability of the Southern Hemisphere (SH) high-latitude 

atmospheric circulation (Kidson, 1999; Visbeck, 2009). The state of the SAM is 

described by the SAM index, which is calculated as the zonally averaged 

pressure difference between 45°S and 60°S (Marshall, 2003). The SAM index 

can be estimated using station-based measurements and atmospheric reanalyses 

(e.g. Fogt et al., 2009; Marshall, 2003; Visbeck, 2009). The SAM is in its 



Chapter 2 - Study area 

 8 

positive phase when the storm track shifts southward, resulting in enhanced 

westerly winds over most of Antarctica, and reduced westerlies in the subtropics 

(Kidson, 1988; Lefebvre et al., 2004; Lovenduski, 2005; Thompson and Wallace, 

2000). A positive SAM is generally associated with stable, dry conditions in 

southern Australia, New Zealand, and South America (Gillett et al., 2006; 

Hendon et al., 2007; Meneghini et al., 2007; Raut et al., 2014). Due to the 

southward shift of the wave-generating storm systems wave heights in southern 

Australia are reduced during a positive SAM (Hemer, 2010; Hemer et al., 2010). 

During austral summer, as the storm track is located further south, the SAM is 

mostly zonally symmetric, however, it becomes zonally asymmetric due the 

land-sea distribution and topography in the SH as the storm track shifts 

northward during winter (Connolley, 1997; Karoly, 1989; Kidson, 1988; Rogers 

and van Loon, 1982). 

 

Similar to the SAM, the subtropical ridge varies in latitude (STRP) and intensity 

(STRI). The variability of the STRP and STRI is responsible for changes in zonal 

westerly winds and subtropical climate (Pittock, 1973; Thresher, 2002; Williams 

and Stone, 2009). SAM and STRP are closely connected to each other as a shift 

in the SO storm track generally also leads to a shift in STRP (Williams and 

Stone, 2009). During austral summer and autumn, the STRP is located further 

south (Figure 2.2a). SWWA is therefore exposed to high-pressure systems that 

block the SO storm track from reaching SWWA and consequently reduced 

precipitation. SWWA is then exposed to the northern arm of the subtropical 

high-pressure systems and therefore dominated by easterly offshore winds. In 

contrast, when the STRP shifts northward during spring and winter (Figure 2.2b), 

SWWA is exposed to the southern edge of the anti-cyclones and therefore 

increased westerly winds and rainfall. Recently, the focus has shifted to 

investigating the intensity of the subtropical high-pressure ridge in addition to its 

latitudinal position. A study by Timbal and Drosdowsky (2013) suggests that 

SWWA rainfall is more correlated to the STRI than the STRP. Furthermore, 

long-term changes in STRI have been linked to trends in southern Australia 

rainfall in certain seasons (Cai et al., 2011b). 
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Figure 2.2 (a) Austral summer (December, January, February) mean sea level 

pressure (MSLP) and mean wind direction and (b) austral winter (June, July, 

August) MSLP and wind direction obtained from the 1979 to 2014 ECMWF 

ERA-Interim means. 

 

 

IO atmospheric climate variability is closely related to the Indian Ocean Dipole 

(IOD), an anomalous sea surface gradient between the western IO and the eastern 

IO (e.g. Cai et al., 2011b). The IOD is in its positive phase when sea surface 

temperature anomalies in the western IO are warmer than in the eastern Indian 

Ocean. The strength and phase of the IOD can be described and measured by the 

Dipole Mode Index (DMI) (Saji et al., 1999). A positive DMI is associated with 

enhanced easterly winds, a reduction of high-frequency synoptic storm events 

and reduced precipitation in Western Australia (England et al., 2006; Weller et 

al., 2012). In contrast, cooler temperatures in the western Indian Ocean during a 

negative IOD result in increased westerly winds and rainfall in northern and 

southeastern Australia, however, the relationship to SWWA climate is less clear 

(Cai et al., 2012b, 2011b). Another important mode describing IO atmospheric 

circulation variability is the Indian Ocean Subtropical Dipole (IOSD). The IOSD 

is defined as the temperature gradient between the northeastern and southwestern 

Indian Ocean, and as such captures part of the variability of the subtropical ridge. 
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A positive (negative) phase of the IOSD occurs with higher temperature 

anomalies in the southwestern (northeastern) IO (Behera and Yamagata, 2001; 

Yamagami and Tozuka, 2014). While the IOSD has been correlated to rainfall in 

southern Africa (Suzuki, 2004), no clear relationship to SWWA rainfall has been 

found and a relationship to SWWA wave climate has not yet been investigated. 

 

Another relevant climate index describing SH climate variability is the SOI. It 

describes the El Niño/Southern Oscillation (ENSO) across the Indo-Pacific 

region. Whilst the SOI is calculated as the normalized mean sea level pressure 

difference between Darwin and Tahiti (Chen, 1982; Ropelewski and Jones, 

1987), and as such spatially relatively removed from SWWA, the quasi-periodic 

fluctuation of the ENSO has implications for the entire SH and more specifically 

Australia (e.g. Power et al., 1999). A negative (positive) SOI is associated with a 

decrease (increase) in Pacific trade winds and as such, ENSO has been linked to 

fluctuations in atmospheric pressure, rainfall, and circulation (Rasmusson and 

Wallace, 1983; Ropelewski and Halpert, 1987). More specifically in SWWA, 

ENSO events have been linked to rainfall, ocean currents, and mean sea level 

(Chiew et al., 1998; Pattiaratchi and Buchan, 1991; Ropelewski and Halpert, 

1987; Telcik and Pattiaratchi, 2014). Furthermore, the SOI has been linked to SO 

wave climate variability (Hemer et al., 2010; Reguero et al., 2015) and SWWA 

storm surges (Li et al., 2011). 

 

The land sea breeze cycle (LSB) is a local wind system that occurs due to the 

temperature difference between land and sea (Haurwitz, 1947). SWWA, and 

particularly the Perth metropolitan area, is subject to one of the strongest and 

most consistent LSB systems in the world (Pattiaratchi et al., 1997). The 

coastline experiences approximately 200 sea breezes per year, with most of these 

events occurring during the austral summer months between September and 

February (Masselink and Pattiaratchi, 2000). A typical sea breeze day is 

associated with easterly (offshore) winds in the mornings with relatively low 

wind speeds of around 5 m/s, as the land mass has cooled down over night and 

air is raising above the warm (relative to the land) water. As the land heats up in 

the late morning or early afternoon, the wind direction changes to south-

southwest (obliquely onshore) and wind velocities rapidly increase to 10-15 m/s 
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as air masses ascent over the land (Masselink and Pattiaratchi, 2000). The LSB 

system has been found to significantly influence the SWWA nearshore wave 

climate (Masselink and Pattiaratchi, 2000), drive sediment re-suspension and 

littoral drift (Gallop et al., 2013; Verspecht and Pattiaratchi, 2010), as well as 

currents on the inner continental shelf (Gallop et al., 2012b). 

 

2.1.3 Wave climate 

Wave-driven processes are the main mechanisms for mixing, sediment 

resuspension, and littoral drift and these mechanisms depend on the direction and 

power of incident waves (Hemer et al., 2010; Masselink and Pattiaratchi, 2001). 

The SO features one of the world’s most energetic wave climates due to strong 

westerly winds (Section 2.1.2) and long fetch distances because of absent land 

masses (Sterl and Caires, 2005; Young, 1999). Swells generated in the SO are 

known to propagate through all major oceans and therefore impact regional wave 

climates globally (Snodgrass et al., 1966). The proximity of the southern IO and 

particularly SWWA to the storms of the SO, make the region vulnerable to 

coastal erosion (Gallop et al., 2013, 2012a) and even freak wave events 

(Nikolkina and Didenkulova, 2011), but also provide the opportunity to develop 

renewable wave energies (Behrens et al., 2015; Hemer et al., 2016; Hemer and 

Griffin, 2010; Morim et al., 2014). In fact, the first prototype wave energy 

converters have recently been deployed ~40 km to the south of Perth (Mann, 

2011). 

 

Bosserelle et al. (2012) investigated the southern IO and SWWA mean wave 

climate using a 40-year (1970 to 2009) wave hindcast (Figure 2.3). The results 

show a gradient in significant wave heights (𝐻𝑠) from south to north, with mean 

𝐻𝑠 exceeding 3.5 m along 40°S. Offshore of SWWA, the authors found a mean 

𝐻𝑠 between 2.5 and 3 m with peak periods (𝑇𝑝) of 12-13 s and a mean offshore 

90th percentile 𝐻𝑠  exceeding 5 m in SWWA. The SO and southern IO wave 

climate varies seasonally and inter-annually (Hemer, 2010; Hemer et al., 2010). 

Hemer et al. (2008) found large waves in SWWA were a result of the proximity 

of storm systems to the coast rather than the propagation of swell from the 
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distance. The north-southward fluctuation of the SO storm track described in 

Section 2.1.2 therefore plays and important role in the SWWA wave climate. 

This is confirmed by a study by Hemer et al. (2010) who found a significant 

correlation between wave heights in the southern IO and the SAM. Furthermore, 

Bosserelle et al. (2012) found a direct correlation between the SAM index and 

the latitude at which large wave events propagate near SWWA. A positive SAM 

index is associated with an increased pressure gradient between mid and high 

latitudes of the SO. And whilst the swell generating SO storm belt intensifies, it 

is constrained to the higher latitudes of the SO resulting in decreased wave 

heights in SWWA. 

 

Figure 2.3 Western Australian mean significant wave heights between 1970 and 

2009 from Bosserelle et al. (2012). 
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In SWWA, largest waves are therefore generally experienced during austral 

winter, as the SO storm belt shifts northward. On the continental shelf offshore 

of Perth, Lemm et al. (1999) investigated the wave climate using 2.5 years of 

observed wave data. The authors found that 𝐻𝑠 on the inner shelf off Perth vary 

between 1-2 m with mean periods of 𝑇𝑚 < 8 s during summer and 1.5-2.5 m with 

𝑇𝑚 > 8 s during winter, resulting in an annual mean 𝐻𝑠 of 2 m with an annual 

mean 𝑇𝑚  of 8.8 s. The short period waves during summer are a result of the 

prevailing sea breeze system (Section 2.1.2) between September and February. 

These short period waves in the coastal regions are responsible for northward 

volume transport of water and sediment (Gallop et al., 2012b; Masselink and 

Pattiaratchi, 2000; Pattiaratchi et al., 1997; Verspecht and Pattiaratchi, 2010). 

Additionally to reduced storms from the SO and increased southerly winds from 

the LSB, summer months can also be influenced by tropical cyclones in the 

northern IO, which result in increased northerly winds and waves in SWWA 

(Lemm et al., 1999; Li et al., 2011). 

 

The SWWA shelf and nearshore wave climate varies spatially as islands, 

headlands, and offshore reef systems dissipate the wave energy (Searle and 

Semeniuk, 1985) and nearshore wave heights are reduced by up to 75% 

compared to offshore (Pattiaratchi et al., 2014). Extreme offshore 𝐻𝑠  were 

calculated to range between 9.0 and 10.3 m for an annual recurrence interval of 

100 years (Li et al., 2012). 

 

2.1.4 Current regime 

The southeastern Indian Ocean, unlike other eastern boundaries of subtropical 

oceans, is not governed by regular, continuous, equator-ward currents and 

upwelling (Smith et al., 1991). Instead, the SWWA shelf is dominated by the 

Leeuwin Current (LC; Figure 2.4), a narrow, warm, high salinity, pole-ward 

flowing surface current with maximum current speeds exceeding 1 m/s 

(Cresswell and Golding, 1980; Godfrey and Ridgway, 1985; Legeckis and 

Cresswell, 1981). The LC is part of the LC system that encompasses the LC, the 

Leeuwin Undercurrent (LUC), and the seasonal Capes Current (Pattiaratchi and 

Woo, 2009). 
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The LC flows along the SWWA shelf edge and dominates the upper 200 m of the 

water column. It is approximately 30 km wide, with an average mean sea surface 

temperature (SST) of 20.8° and a salinity of 35.2 (Feng et al., 2003). The LC is 

driven by an alongshore geopotential gradient, which overpowers the wind stress 

from the southerly winds. The eastward current driven by the pressure gradient 

therefore overpowers the westward wind driven Ekman transport in the surface 

layer, resulting in downwelling along the WA coastline for most of the year 

(Batteen and Rutherford, 1990; Godfrey and Ridgway, 1985; Godfrey and 

Weaver, 1991; Pearce and Pattiaratchi, 1999). The LC is inter-annually and 

seasonally variable, and strongest during austral winter with ~5 Sv (106 m3 s-1). 

The strong southerly winds from the sea breeze during summer drive the Capes 

Current, a cool, equator-ward coastal countercurrent (Pearce and Pattiaratchi, 

1999), which slows down the LC to < 2 Sv and initiates strong meso-scale eddy 

fields (Cresswell and Golding, 1980; Feng et al., 2003; Godfrey and Ridgway, 

1985; Meuleners et al., 2007; Smith et al., 1991). The Leeuwin Undercurrent 

(LUC), an equator-ward countercurrent, dominates deeper waters (300-800 m) 

off SWWA. The LC has been linked to the ENSO and is weaker during El Niño 

years (3.0 Sv) and stronger during La Niña years (4.2 Sv) (Feng et al., 2003).  

 

The meso-scale eddy field in the offshore SWWA region ranges from a few km 

to several hundreds of km. Eddies are important features of the ocean circulation 

as they can lead to regional upwelling and increase the biological productivity in 

an area (e.g. McGillicuddy et al., 1998; Rennie et al., 2009a, 2006). Eddies 

within the LC system are initiated through baroclinic instabilities, bottom shear, 

shelf topography, and shear between the LC, the Capes Current, and the LUC 

(Griffiths and Pearce, 1985; Meuleners et al., 2007; Rennie et al., 2009a, 2009b, 

2007a; Waite et al., 2007). 

 

Pearce and Griffiths (1991) defined the different structures that can be observed 

in the LC and its eddy field (Figure 2.5). A “jet” describes the southward flowing 

LC stream along the shelf break. An “undulation” is a small perturbation on the 

jet that can form into a “meander”. Meanders grow offshore with amplitudes 

greater than the typical width of a jet and usually with a clear anti-cyclonic 

circulation. “Offshoots” are protrusions that grow offshore but much thinner than 
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meanders and without the circulating feature. Finally, freely rotating cold-core 

“cyclonic”, and warm-core “anti-cyclonic” eddies can form as they detach from 

meanders. When the cyclonic arm of a meander develops into two counter-

rotating cells an “eddy-pair” is formed. Eddies generally propagate away from 

the coastline with velocities of 7 km/day (Cresswell and Golding, 1980). The 

features described above are clearly visible in the satellite image of the SWWA 

SST (Figure 2.4). 

 

The SWWA coastline experiences mixed, microtidal tides with a mean spring 

tidal range of 0.6 m (Department of Defence, 1996; Masselink and Pattiaratchi, 

2000). Because of the relatively low tidal range, tides are frequently over-ridden 

by barometric pressure effects on sea levels (Clarke and Eliot, 1983). Tides and 

tidal currents therefore only play a minor role in Perth’s hydrodynamic regime. 
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Figure 2.4 Satellite observations of sea surface temperature (SST) and 

geostrophic currents in SWWA obtained from IMOS. 
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Figure 2.5 Schematic classification and definition of observed meso-scale 

features: (a) evolution from a jet flow along the shelf break through a fully 

developed meander to a free anti-cyclonic eddy; (b) an offshoot and a cyclonic 

eddy. The coast is shaded and the shelf break is indicated by the dashed line. 

Figure adapted from Pearce and Griffiths (1991).  

 

 

2.1.5 Wave current interaction 

Currents such as tidal, geostrophic, or density driven currents are known to 

influence wave regimes as they alter the amplitude, frequency, and direction of 

incoming waves. Neglecting currents in wave simulations may therefore induce 

errors of up to 25-30 % into wave models in areas where strong currents are 

present (Ardhuin et al., 2012; Jones, 2000). For example, a study examining the 

role of tidal currents on the waves in northwestern Europe found that wave 

energy flux was altered by up to 10% in areas with strong currents (Hashemi and 

Neill, 2014). On smaller temporal and spatial scales, wave heights even 

increased by up to 150-200 % around the Orkney Islands due to strong local tidal 
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currents (Saruwatari et al., 2013). Tidal currents are generally responsible for 

altering wave conditions in shallow waters or on the shelf; however, other 

offshore processes such as wind or density driven currents can change offshore 

wave conditions. For example, the Agulhas Current offshore of South Africa can 

increase wave heights as waves propagate through its meanders and eddies 

(Irvine and Tilley, 1988). Similar observations of surface currents significantly 

altering the wave regime were made in the Gulf of Alaska, the north Californian 

shelf, the Kuroshio Current in Japan, or the Gulf stream (Holthuijsen and 

Tolman, 1991; Liu et al., 1994; Sheres et al., 1985; Sugimori, 1973). The 

interaction of waves and currents, combined with the superposition of high 

frequency wind-waves and low frequency swell waves is associated with the 

occurrence of extreme wave events such as freak waves (Lavrenov, 1998; White 

and Fornberg, 1998). 

 

The amplitude of waves can be altered by bundling wave energy (e.g. wave 

shoaling), as currents induce refraction and as energy exchange between waves 

and currents takes place. A change in wave frequency occurs due to the Doppler 

effect and wave refraction occurs as currents change the propagation velocity of 

waves. The absolute frequency 𝜔 of a wave traveling across a constant ambient 

current at a constant depth is dependent on the relative frequency 𝜎(𝑘), the wave 

number 𝑘 = 2𝜋/𝜆 , (where 𝜆  is the wave length) and the component of the 

current traveling in the direction of wave propagation 𝑈. This relation is shown 

in equation 2.1 

 

𝜔 = ±𝜎(𝑘) + 𝑘𝑈        (2.1) 

 

where the relative frequency 𝜎(𝑘) is calculated from the dispersion relationship 

 

𝜎(𝑘) = +(𝑔𝑘 tanh 𝑘𝑑)
1

2       (2.2) 

 

with the acceleration due to gravity 𝑔 , the water depth 𝑑 . The propagation 

velocity of the wave energy 𝑐𝑔,𝑎𝑏𝑠  can be calculated by adding the current 
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velocity vector �⃗⃗⃗�  to the group velocity vector relative to the current 𝑐𝑔,𝑟𝑒𝑙  as 

shown in equation 2.3 

 

𝑐𝑔,𝑎𝑏𝑠 = 𝑐𝑔,𝑟𝑒𝑙 + �⃗⃗⃗�         (2.3) 

 

The group velocity 𝑐𝑔 is described by 𝑐𝑔 =
𝛿𝜔

𝛿𝑘
= 𝑛𝑐, where 𝑛 =

1

2
(1 +

2𝑘𝑑

sinh(2𝑘𝑑)
) 

and 𝑐  is the phase speed 𝑐 = √(
𝑔

𝑘
) tanh(𝑘𝑑).  This shows that wave energy 

transport in ambient currents is generally not normal to the wave crest 

(Holthuijsen, 2007; Peregrine, 1976). With varying currents or water depths, the 

rate of variation of relative frequency (𝑑𝜎/𝑑𝑡 = 𝑐𝜎) can be determined using 

equation 2.4  

 

𝑑𝜎

𝑑𝑡
= 𝑐𝜎 =

𝛿𝜎

𝛿𝑑
(
𝛿𝑑

𝛿𝑡
+ 𝑈

𝛿𝑑

𝛿𝑠
) − 𝑐𝑔𝑘

𝛿𝑈𝑛

𝛿𝑛
      (2.4) 

 

where 𝛿𝑑/𝛿𝑡 represents time variation in the depth, 𝑈
𝛿𝑑

𝛿𝑠
 the effect of the current 

on the moving waves across a horizontally varying bathymetry. 𝑐𝑔𝑘
𝛿𝑈𝑛

𝛿𝑛
 

describes the effect of waves moving with a horizontally varying current 

(Holthuijsen, 2007). Current-induced refraction occurs as the wave bends 

towards the area with a lower absolute propagation velocity of the crest. The 

propagation velocity is affected by the water depth and by the underlying current. 

The rate of change of wave direction can be calculated by equation 2.5. 

 

𝐶𝜃,𝑟𝑒𝑓,𝑑𝑒𝑝𝑡ℎ+𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = −(
𝑐𝑔

𝑐

𝛿𝑐

𝛿𝑚
−
𝛿𝑈𝑛

𝛿𝑚
)     (2.5) 

 

where 
𝛿𝑈𝑛

𝛿𝑚
 represents the current-induced refraction and 

𝛿𝑐

𝛿𝑚
 represents depth-

induced refraction (Holthuijsen, 2007). 

 

Energy is exchanged between currents and waves, as the currents induce work 

against the radiation stress of waves. Wave energy 𝐸 is therefore not conserved 
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while traveling through a current field. The action density however, defined as 

energy divided by relative frequency (𝑁 = 𝐸/𝜎) is conserved (Whitham, 1974). 

 

2.1.6 Climate and climate change 

The seasonal and inter-annual variability of the SWWA wave climate can be 

explained by the fluctuation of atmospheric pressure systems in the SO and IO 

(Bosserelle et al., 2012; Hemer et al., 2010; Lemm et al., 1999; Li et al., 2011). 

With global climate change due to an increase in atmospheric greenhouse gasses 

and the resulting global warming, atmospheric circulation patterns, and therefore 

the wind systems that generate waves are projected to change over the next 

century (IPCC, 2014). Global climate models (GCMs) allow simulating the 

atmospheric circulation under different greenhouse gas emission scenarios, also 

known as Representative Concentration Pathways (RCPs). RCPs commonly used 

in climate studies include: the RCP4.5 scenario, an intermediate greenhouse gas 

emission scenario under which radiative forcing stabilizes at 4.5 W/m2, and the 

RCP8.5 scenario, a high emission scenario with radiative forcing exceeding 8.5 

W/m2 by the end of 2100 (Moss et al., 2008). 

 

Climate studies investigating projected changes in atmospheric patterns using 

GCMs suggest an increase in storm activity in the higher latitudes of the SO 

towards the year 2100 as the SO storm belt intensifies (Harvey et al., 2012). The 

pressure fields and surface winds from GCMs can be used to statistically or 

dynamically determine projections of the wave climate. Globally, wave heights 

are projected to decrease by 25.8%, with an overall increase in wave heights of 

7.1% in the SO, with the largest increase in wave heights during austral winter 

(Hemer et al., 2013b). The projected intensification of the SO storm belt indeed 

suggests an increase in SO wave heights, as well as an increase of the present-

day one in ten year extreme wave events by the end of the 21st century under 

both, the RCP4.5 and RCP8.5 scenarios (Dobrynin et al., 2012a). Wang et al. 

(2014) estimated the projected changes in the global wave climate using the sea 

level pressure projections from an ensemble of 20 GCMs. The authors found that 

projected changes associated with the RCP8.5 climate change scenario were 

greater than changes associated with the RCP4.5 scenario however, in both cases 
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results suggested a significant increase in SH annual zonal mean and maximum 

𝐻𝑠 by the end of the 21st century (Figure 2.6). 

 

Due to their relatively coarse spatial resolution, GCMs and GCM-forced global 

wave models fail to accurately resolve regional winds and local bathymetry 

effects like refraction, dissipation due to bottom friction, and depth induced 

breaking. Dynamical, statistical, and hybrid downscaling of wave simulations 

allows scientists to resolve these local effects and investigate the effect of global 

climate change on regional wave climates (e.g. Camus et al., 2014, 2013, 2011; 

Laugel et al., 2014; Perez et al., 2015). For example, Charles et al. (2012) 

simulated the projected changes in wave climate along the French east coast and 

Hemer et al. (2013c) investigated  the wind-wave climate projections for 

different greenhouse gas scenarios along Australia’s south-east coast. 

 

Coastal and nearshore waves are largely dependent on the bathymetry as waves 

refract and dissipate across the seabed. Consequently, climate change induced 

mean sea level rise (SLR) will alter dissipation and refraction rates in shallow 

waters and change the wave regime. While a few studies have investigated the 

impact of changing offshore wave heights on the nearshore wave regime (Hemer 

et al., 2013c) and the impact of sea level rise on coastal zones (Atkinson et al., 

2012; Nicholls et al., 2007), minimal consideration has been given to the 

combined effect on nearshore wave climates (Arns et al., 2017). 

 

Under the RCP4.5 greenhouse gas emission scenario, a projected SLR of ~0.62 

m has been estimated, whereas the RCP8.5 greenhouse gas emission scenario 

will “likely” lead to a SLR of 0.7-1.2 m by the end of the 21st century (Bamber 

and Aspinall, 2013; Horton et al., 2014). A change of sea level of this magnitude 

may alter the wave climate significantly and SLR should therefore be considered 

when estimating projections of regional nearshore wave climates into the future. 
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Figure 2.6 Projected changes in the Southern Hemisphere regionally averaged 

annual mean (Havg) and annual maxima (Hmax) of significant wave heights, 

relative to the 1980-1999 mean climate in the SH high-latitude oceans. Each time 

series is a 21-year moving average series of the projected changes. Thick lines 

show the 20-model ensemble mean in the historical (black), RCP4.5 (blue), and 

RCP8.5 (red) simulations. Shadings indicate the intermodal standard deviation 

and thin lines represent the projected changes by the individual climate models. 

The figure was adapted from Wang et al. (2014). 

 



Chapter 2 - Numerical models 

 23 

2.2 Numerical models 

2.2.1 Wave models 

In order to predict the sea state and study wave climates and coastal processes, 

numerical wave models have been developed since the 1960s. There are three 

common types of numerical models that are being used to simulate wave 

processes: (1) phase-averaged models; (2) Boussinesq models; and (3) discrete 

particle models. Phase-averaged models predict average wave conditions such as 

𝐻𝑠 over large areas of ocean. They are based on a single equation describing the 

evolution of the wave energy spectrum with time over space (e.g. Cavaleri and 

Rizzoli, 1981; Komen et al., 1994). Whilst these models have the disadvantage 

of only being able to resolve the sea state rather than individual waves and 

therefore neglect non-linear processes, they are computationally less expensive 

than phase-resolving models and can consequently be applied to large areas and 

even globally. In contrast, Boussinesq type models are phase-resolving and as 

such able to compute amplitude and phase of individual waves. These models are 

dispersive and non-hydrostatic and can be used to study non-linear wave-wave 

interactions (e.g. Madsen et al., 1997). More recently, discrete particle 

hydrodynamics models have been developed, which use a Lagrangian approach 

to determine the trajectories and interaction of fluid particles. This method is 

computationally expensive and only feasible to simulate complex free surfaces 

such as wave-structure interaction or wave breaking (e.g. Gomez-Gesteira and 

Dalrymple, 2004). 

 

Even though computational power has been exponentially increasing over the 

recent decades since wave models were first developed, it is still unfeasible to 

simulate regional wave processes (e.g. on shelf or basin scales) using phase-

resolving models. Phase-averaged models are therefore the most common type of 

numerical wave model for regional and global applications such as wave 

forecasts or hindcasts. Some of the models commonly used by scientists and 

coastal engineers include the WAM model (Komen et al., 1994; WAMDI Group, 

1988) and WAVEWATCH III (WWIII; Tolman, 2009) for oceanic waters, 

Simulating WAves Nearshore (SWAN; Booji et al., 1996) for regional 
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applications, and the hydrostatic and non-hydrostatic formulations of XBeach 

(Roelvink et al., 2009) for beach-scales. 

 

Offshore of SWWA and in the SO, previous studies have used WWIII to study 

the wave generation of large wave events (Hemer et al., 2008) and the long-term 

mean wave climate (Bosserelle et al., 2012). Along Australia’s Southern margin, 

Hemer and Griffin (2010) used the SWAN model to estimate the wave energy 

resource. On small scales, XBeach has been used to study beach variability and 

the effect of reef system on beach stability at certain beaches around Perth 

(Gallop et al., 2013; Pattiaratchi et al., 2014). The focus of this study is the 

regional SWWA continental shelf and nearshore wave climate. The SWAN 

model was therefore used, as it has proven to be a reliable model at comparable 

scales in other locations (Gonçalves et al., 2014; Hemer and Griffin, 2010; Neill 

et al., 2014; Neill and Hashemi, 2013; Sandhya et al., 2014; Stopa et al., 2013). 

Furthermore, SWAN provides the option of coupling the model to a regional 

ocean circulation model (Warner et al., 2010) and therefore simulating realistic 

wave-current interactions such as the influence of the LC on SWWA waves. 

 

The wave model Simulating WAves Nearshore (SWAN) is an Eulerian 

formulation of the discrete action balance equation. The model solves the 

spectral action balance equation without restrictions on the spectrum for 

evolution of wave growth (Booij et al., 1999). The model is designed to solve 

shallow water physics and as such resolves nearshore processes such as bottom 

friction, refraction, shoaling, and depth induced breaking (e.g. Neill et al., 2009). 

The advantage of SWAN over other third generation wave models such as WAM 

or WaveWatch III, is that it is based on an implicit propagation scheme making it 

numerically stable independently of the model time step or geographic space. 

This makes it an ideal model to investigate regional nearshore processes in both, 

deep and shallow waters, although it is generally intended for shallow waters. 

SWAN can solve stationary and non-stationary scenarios, with non-stationary 

cases being realistic and time dependent computations of the evolution of the 

wave fields. Boundary conditions of time-varying wind, current, water level, and 

wave fields from other wave models such as WWIII or WAM can be used to 

make accurate regional wave predictions. 
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The action balance equation can be written in spherical coordinates as 

 

𝛿�̃�

𝛿𝑡
+
𝛿𝑐𝜆�̃�

𝛿𝜆
+
𝛿𝑐𝜑�̃�

𝛿𝜑
+
𝛿𝑐𝜎�̃�

𝛿𝜎
+
𝛿𝑐𝜃�̃�

𝛿𝜃
=

𝑆𝑡𝑜𝑡

𝜎
      (2.6) 

 

where �̃�  is the wave action density with respect to time (𝑡 ), longitude (𝜆 ), 

latitude (𝜑), wave frequency (𝜎), and wave direction taken counterclockwise 

from geographic east (𝜃). The left-hand side of the equation therefore describes 

the local time rate of change of wave energy, the change of wave frequency 

(Doppler shifting), and the change of wave direction (refraction). The right-hand 

side of the equation contains the source/sink term (𝑆𝑡𝑜𝑡 ) that represents all 

physical processes, which lead to wave energy generation, dissipation, or 

redistribution. 𝑆𝑡𝑜𝑡 can be written as 

 

𝑆𝑡𝑜𝑡 = 𝑆𝑖𝑛 + 𝑆𝑛𝑙3 + 𝑆𝑛𝑙4 + 𝑆𝑑𝑠,𝑤 + 𝑆𝑑𝑠,𝑏 + 𝑆𝑑𝑠,𝑏𝑟    (2.7) 

 

where 𝑆𝑖𝑛 is the wave growth due to wind input, 𝑆𝑛𝑙3 and 𝑆𝑛𝑙4 are the nonlinear 

transfer of wave energy through three- and four-wave interactions, and 𝑆𝑑𝑠,𝑤 , 

𝑆𝑑𝑠,𝑏 , and 𝑆𝑑𝑠,𝑏𝑟  are the wave dissipation terms due to whitecapping, bottom 

friction, and depth induced breaking respectively (The SWAN team, 2011). 

  

2.2.2 Ocean circulation models 

Hydrodynamic models allow the simulation of the ocean circulation at a broad 

range of spatial and temporal scales. In the past decades, miscellaneous 

circulation models with varying coordinate systems for specific applications have 

been developed. Most ocean circulation models solve the three dimensional 

Reynolds-Averaged Navier Stokes (RANS) equations using different numerical 

schemes (e.g. Morinishi et al., 1998; Shchepetkin and McWilliams, 2005; Yeh 

and Yeh, 1995). Common scientifically used ocean circulation models include 

the HYbrid Coordinate Ocean Model (HYCOM; Chassignet et al., 2007), a 

circulation model designed to resolve hydrodynamics at global and basin scales; 

Delft3D (Lesser et al., 2004), a nearshore hydrodynamics model; the Regional 
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Ocean Modeling System (ROMS; Haidvogel et al., 2000) and the Princeton 

Ocean Model (POM; Mellor, 1998), two three dimensional models for coastal 

and basin scale simulations; and ELCOM (Hodges et al., 2000), a three 

dimensional model to simulate the circulation in lakes and estuaries. While all 

these models are well known and trusted in the scientific community, only few 

provide the option of simulating wave current interaction. Recently Warner et al. 

(2010) have developed coupled ocean-atmosphere-wave-sediment transport 

model (COAWST; Section 2.2.3), that allows coupling of the wave model 

SWAN and the ocean circulation model ROMS.  

 

ROMS is a three-dimensional stretched terrain-following ocean circulation 

model (Haidvogel et al., 2000). The model uses hydrostatic and Boussinesq 

approximations with a split explicit time stepping algorithm to solve the three 

dimensional RANS equations (Haidvogel et al., 2008; Kumar et al., 2012; 

Shchepetkin and McWilliams, 2009, 2005). An equation of state computes the 

density field that accounts for salinity and temperature and transport equations 

solve momentum, advection, and transport processes. The physics within ROMS 

can be customized to a wide range of applications by including different 

advection schemes, turbulence closure models, air-sea fluxes, lateral boundary 

conditions, bottom- and boundary layer submodels, surface drifters, and 

ecological models. Due to its flexible structure, the model has been used to study 

a variety of circulation processes at regional and basin scales (e.g. Haidvogel et 

al., 2008; Meuleners et al., 2007; Penven et al., 2006; Rezende et al., 2011; Taebi 

et al., 2011). ROMS is an open source Fortran90 code that can be run in either 

serial, shared-memory (OpenMP), or distributed-memory (MPI) mode. A more 

detailed description of the numerical algorithms used in ROMS can be found in 

Shchepetkin and McWilliams (2005). 

 

2.2.3 COAWST 

The Coupled Ocean-Atmosphere-Wave-Sediment-Transport (COAWST) model 

allows two-way coupling of the hydrodynamic model ROMS and the wave 

model SWAN (Warner et al., 2010). COAWST includes wave-, wind-, tide-, and 

buoyancy-driven processes and is therefore an ideal numerical model to study 
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wave-current interactions at a regional scale (Kumar et al., 2015). In COAWST, 

ROMS and SWAN are coupled using the Model Coupling Toolkit (MCT; Jacob 

et al., 2005; Larson et al., 2005), to allow data exchange between the two 

models. MCT is an open source Fortran90 code that uses the MPI 

communication protocol and is compiled as a set of libraries and Fortran 

modules.  

 

The model domain is split up into sections (tiles) during the initiation phase and 

distributed to assigned processors. Each tile on each processor is initialized into 

MCT and a global map is compiled to determine the distribution of the tiles. 

Furthermore, each section initializes an attribute vector that contains the fields to 

be exchanged and establishes a router to provide an exchange pathway between 

the different model components. During the simulation, the different model 

components will reach a prescribed synchronization point and exchange fields 

using the attribute vectors (Warner et al., 2010, 2008). 

 

In the coupling process, ROMS provides SWAN with surface currents (𝑈𝑠, 𝑉𝑠), 

free surface elevation (𝜂), and bathymetry (ℎ). The surface currents are averaged 

using a formulation that integrates near-surface velocities over a depth controlled 

by the wave number (Kirby and Chen, 1989). At the same time SWAN provides 

ROMS with significant wave heights (𝐻𝑠), wave length (𝜆), wave direction (𝜃), 

surface and bottom wave periods (𝑇𝑠𝑢𝑟𝑓  & 𝑇𝑏𝑜𝑡𝑡) , wave energy dissipation 

(𝑊𝑑𝑖𝑠𝑠) , bottom orbital velocity (𝑈𝑏) , and percent wave breaking (𝑄𝑏) . In 

ROMS, the wave parameters are used to calculate radiation stress gradients that 

allow wave-driven flows, Stokes drift (Stokes, 1847) for the correct mass flux 

transport, and wave-enhanced bottom stresses. In SWAN, the current parameters 

are used to modify the wave group velocities, which results in current-induced 

refraction (see Section 2.1.4). A more detailed description and a test case study 

of the algorithms in COAWST can be found in Warner et al. (2010). 
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Chapter 3 

3. The effect of the Leeuwin Current on offshore surface 

gravity waves in southwest Western Australia 

3.1 Summary 

The knowledge of regional wave regimes is critical for coastal zone planning, 

protection, and management. In this study, the influence of the offshore current 

regime on surface gravity waves on the southwest Western Australian (SWWA) 

continental shelf was examined. This was achieved by coupling the three 

dimensional, free surface, terrain-following hydrodynamic Regional Ocean 

Modelling System (ROMS) and the third generation wave model Simulating 

WAves Nearshore (SWAN) using the Coupled Ocean-Atmosphere-Wave 

Sediment Transport (COAWST) model. Different representative states of the 

Leeuwin Current (LC), a strong pole-ward flowing boundary current with a 

persistent eddy field along the SWWA shelf edge were simulated and used to 

investigate their influence on different large wave events. The coupled wave-

current simulations were compared to wave only simulations, which represented 

scenarios in the absence of a background current field. Results showed that the 

LC and the eddy field significantly impact SWWA waves. Significant wave 

heights increased (decreased) when currents were opposing (aligning with) the 

incoming wave directions. During a fully developed LC system significant wave 

heights were altered by up to ±25% and wave directions by up to ±20°. The 

change in wave direction indicates that the LC may modify nearshore wave 

dynamics and consequently alter sediment patterns. Operational regional wave 

forecasts and hindcasts may give flawed predictions if wave-current interaction 

is not properly accounted for.  
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3.2 Introduction 

Knowledge of regional wave climates is important for coastal zone management, 

for the operation and safety of offshore industries, and for strategic planning of 

wave energy resources. The assessment of a regional wave regime is generally 

undertaken using model-based simulations. However, the effects of an 

interaction with local currents are usually neglected despite of their potential 

impacts on the wave fields. Investigation of current-to-surface gravity wave 

interaction has in fact provided evidence that strong currents can alter wave 

regimes and wave energy fluxes to a significant extent. Both observations (e.g. 

Wolf and Prandle, 1999) and numerical models (e.g. Ardhuin et al., 2009) 

showed for instance the modulation of the wave field due to the presence of tidal 

currents. A numerical model study by Hashemi and Neill (2014) examined the 

role of tidal currents on waves on the northwest European shelf and found the 

wave energy flux was altered by up to 10% in areas with strong tidal currents. 

On smaller scales, around the Orkney Islands, wave heights were found to 

increase by up to 150-200% due to strong local tidal effects and (Saruwatari et 

al., 2013). Whilst effects of tidal currents on wave fields are most predominant in 

shallow water regions, in open ocean areas the main contribution to variations in 

offshore and shelf wave regimes comes from the major current systems. Irvine 

and Tilley (1988) observed for instance an intensification of ocean waves as they 

propagated through the Agulhas Current. Increased wave heights were observed 

particularly in areas of meanders and eddies. Similar findings were made for the 

Gulf Stream, the Gulf of Alaska, the north Californian shelf, and the Kuroshio 

Current in Japan, where eddy dominated areas had a considerable impact on 

wave heights (Holthuijsen and Tolman, 1991; Liu et al., 1994; Sheres et al., 

1985; Sugimori, 1973). Furthermore, the superposition of wind-waves, swell, 

and currents is associated with the occurrence of extreme wave events such as 

freak waves (Lavrenov, 1998; White and Fornberg, 1998). While the effect of 

tidal and large-scale currents on waves is well documented, few studies have 

investigated the impact of small-scale (submeso-scale) ocean circulation on 

surface gravity waves. However, a recent study by Ardhuin et al. (2017) showed 

that submeso-scale circulation features (on scales from 10 to 100 km) can be the 
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main source of wave height variability and should therefore considered when 

investigating regional wave climates. 

 

In contrast to the cool equator-ward flowing eastern boundary currents found in 

all other oceans, the eastern margin of the Indian Ocean is dominated by the 

warm pole-ward flowing Leeuwin Current (LC). The LC is a strong (maximum 

currents >1 ms-1) and narrow surface current, that carries warm, low salinity 

water along the southwest Western Australian (SWWA; Figure 3.1) shelf edge 

(Cresswell and Golding, 1980; Godfrey and Ridgway, 1985; Legeckis and 

Cresswell, 1981). This promotes regional downwelling and prevents large-scale 

upwelling, and results in a unique hydrodynamic regime compared to other 

eastern ocean basin margins (Griffiths and Pearce, 1985; Pearce and Griffiths, 

1991). The LC’s intensity varies seasonally and is strongest in austral winter 

(June to August) when southerly winds are weaker (Feng et al., 2003). The LC 

features an offshore eddy field of cyclonic and anti-cyclonic meso- and submeso-

scale eddies with lifetimes of one month or more (Pearce and Griffiths, 1991; 

Rennie et al., 2007a). A number of studies have examined the local SWWA 

wave climate (Bosserelle et al., 2012; Hemer and Griffin, 2010; Hughes and 

Heap, 2010; Lemm et al., 1999), however, this research neglected wave-current 

interactions. Model simulations in other regions estimated wave heights errors up 

to 25–30% in areas with strong currents when the models were run without 

current forcing (Ardhuin et al., 2012; Hashemi and Neill, 2014; Jones, 2000). 

Furthermore, previous studies showed that large-scale currents can cause wave 

refraction (e.g. Irvine and Tilley, 1988) and incident wave angles may be altered 

as waves encounter currents. 

 

The present study aims to build on previous findings by using wave model data 

to study the modulation of ocean circulation features such as meso- and 

submeso-scale eddies on the SWWA offshore wave field. A two-way coupled 

wave-hydrodynamic model was developed and applied to reproduce realistic and 

idealised large wave events (LWEs) with and without varying current conditions. 

The paper is arranged as follows: Section 3.3 describes the study region and the 

hydrodynamic regime of SWWA. Section 3.4 describes the methodology; model 
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simulations are validated in section 3.5; results are presented in section 3.6 and 

results are discussed in section 3.7. Conclusions are drawn in section 3.8. 

 

 

 

Figure 3.1 (a) Map of Australia where the black box indicates the model domain. 

(b) Study area and model domain. The models were validated against wave buoy 

data at Jurien Bay (JB), Rottnest Island (RI), and Cape Naturaliste (CN). ROMS 

was validated against mean sea level (MSL) data from tide gauges at Jurien Bay 

(JTG), Fremantle (FTG), and Port Geographe (GTG). 
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3.3 Study region 

The study area (SWWA; Figure 3.1) extended from north of Jurien Bay to south 

of Cape Leeuwin (approximately 30-36°S), and 550 km offshore of Perth 

(approximately 109-116°E). The SWWA wave climate is predominantly 

influenced by swells generated by storms in the Southern Ocean (SO), which 

then propagate across the Southern Indian Ocean (SIO). The SO features one of 

the most energetic wave climates in the world (Hemer et al., 2010; Hemer and 

Griffin, 2010; Reguero et al., 2015; Sterl and Caires, 2005; Young, 1999). This is 

due to the SO storm belt, a band of eastward travelling depressions in the mid 

latitudes (“roaring forties” and “furious fifties”) (Bosserelle et al., 2012; Hemer 

et al., 2010). In the austral summer months (December to February) the Perth 

Metropolitan area is exposed to sea breeze systems (Masselink and Pattiaratchi, 

2001, 2000; Pattiaratchi et al., 1997). The sea breeze system typically generates 

short period waves in the coastal regions (Bosserelle et al., 2012; Pattiaratchi et 

al., 1997). On rare occasions the region can be influenced by tropical cyclones 

with increased northerly winds and waves. Using 2.5 years of observational wave 

data from the shelf area offshore of Perth, Lemm et al. (1999) documented a 

mean significant wave height 𝐻𝑠 of 1.5-2.5 m during austral winter and 1-2 m 

during austral summer. Offshore of SWWA, the mean 𝐻𝑠 is about 3 m with a 

mean peak period 𝑇𝑝 of around 13 s. The dominant mean wave direction (𝜃𝑚) is 

from the west-southwest. Compared to the seasonal variability, the inter-annual 

variability in 𝐻𝑠  is relatively small (<6%) (Bosserelle et al., 2012). Extreme 

wave heights offshore of SWA range between 9 and 10.3 m for an annual 

recurrence interval of 100 years (Li et al., 2012). 

 

The SWWA ocean circulation is dominated by the Leeuwin Current (LC), the 

only pole-ward flowing eastern boundary current globally. The LC is a strong 

(maximum current velocities greater than 1 ms-1) and narrow (~30 km wide) 

surface (<200 m) current (Cresswell and Golding, 1980; Godfrey and Ridgway, 

1985; Legeckis and Cresswell, 1981), driven by an alongshore geopotential 

gradient. The southward flow transports warm water and promotes downwelling 

along the WA coast, as opposed to large-scale upwelling, which is typically 

experienced in eastern ocean basin margins (Batteen and Rutherford, 1990; 
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Godfrey and Ridgway, 1985; Godfrey and Weaver, 1991; Pearce and 

Pattiaratchi, 1999). The LC is variable with the largest geostrophic transport of 

~5 Sv (1 Sv = 106 m3s-1) during southern hemisphere winter between May and 

August (Cresswell and Golding, 1980; Feng et al., 2003; Godfrey and Ridgway, 

1985; Meuleners et al., 2007; Smith et al., 1991). Strong southerly winds during 

summer slowdown the LC and drive the Capes Current, a cool, coastal equator-

ward countercurrent (Pearce and Pattiaratchi, 1999). Due to the relatively small 

tidal range (<0.6 m) tidal currents play a minor role in the SWWA current 

regime (Clarke and Eliot, 1983; Masselink and Pattiaratchi, 2000; Pattiaratchi 

and Eliot, 2009). 

 

Cyclonic and anti-cyclonic eddies are commonly found in the region, initiated by 

the formation of meanders, and the sheer between LC and LUC, LC and Capes 

Current, and LC and bathymetry features (Meuleners et al., 2007; Rennie et al., 

2009b, 2007a; Waite et al., 2007). Eddies are important circulation features, as 

they can lead to local upwelling and therefore increase biological activity in an 

area (Rennie et al., 2009a, 2009b). Furthermore, eddies are known to 

significantly alter wave regimes as explained previously. Additional details 

describing the structure of the LC can be found in Pearce and Griffiths (1991). 
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3.4 Methodology 

3.4.1 Numerical models 

A state-of-art modeling approach was used to simulate wave-current interactions 

in the region. The third generation wave model Simulating WAves Nearshore 

(SWAN; Booji et al., 1996) was used to simulate the large wave events. Ocean 

currents were modeled using the free surface, terrain following, primitive 

equations ocean model Regional Ocean Modeling System (ROMS; Shchepetkin 

and McWilliams, 2005). The coupled-ocean-atmosphere-wave-sediment 

transport model (COAWST) was used to investigate the wave-current 

interaction. Within COAWST, ROMS was two-way coupled with SWAN 

(hereafter referred to as the coupled model) to allow a full integration of the 

effect of waves on circulation and vice versa (Warner et al., 2010). Details on the 

model set-up and model runs are provided below. 

 

3.4.1.1 SWAN setup 

The SWAN model is an Eulerian formulation of the discrete action balance 

equation (Booji et al., 1996). Since it preserves the action density in ambient 

currents, it was chosen as a tool to perform the required simulations of wave-

current interaction. Following Komen et al. (1994), the action density is defined 

as 𝑁 = 𝐸/𝜎 and is governed by the action balance equation, which in a spherical 

coordinate system can be written as 

 

𝛿�̃�

𝛿𝑡
+
𝛿𝑐𝜆�̃�

𝛿𝜆
+
𝛿𝑐𝜑�̃�

𝛿𝜑
+
𝛿𝑐𝜎�̃�

𝛿𝜎
+
𝛿𝑐𝜃�̃�

𝛿𝜃
=

𝑆𝑡𝑜𝑡

𝜎
     (3.1) 

 

where �̃� is the action density with respect to longitude 𝜆 and latitude 𝜑, 𝜃 is the 

wave direction counterclockwise from geographic east; 𝑐𝜆  and 𝑐𝜑  the wave 

propagation velocities in geographic space; and 𝑐𝜎 and 𝑐𝜃  the propagation 

velocities in spectral space. The terms on the left hand side of the action balance 

equation are respectively the local time rate of change of wave energy (𝜕�̃�/𝜕𝑡), 

the change of wave frequency (Doppler shifting), and the depth- and current-

induced change of direction (wave refraction) (Komen et al., 1994; The SWAN 



Chapter 3 - Methodology 

  35 

team, 2011). SWAN is designed to solve the spectral action balance equation 

without restrictions on the spectrum for the evolution of wave growth. 

 

A curvilinear orthogonal grid was defined with a horizontal resolution of ~1 by 

~1 km in the area extending from 29.7°S to 35.89°S and from 109.12°E to 

115.82°E. The spectral resolution covered 40 logarithmically scaled frequency 

bands from 0.04 to 1 Hz (corresponding to wave periods between 1 and 25 s) and 

36 directional bins providing a 10° directional resolution. Bathymetry data were 

obtained from the Geoscience Australia High Resolution (~250 by ~250 m) 

bathymetry dataset (Whiteway, 2009). The model was forced at the boundaries 

with six-hourly wave data (𝐻𝑠, 𝑇𝑝, 𝜃𝑝) from the European Centre for Medium 

Range Weather Forecast (ECMWF) ERA-Interim reanalysis dataset (Dee et al., 

2011). A standard JONSWAP spectrum with a peak enhancement factor of 𝛾 =

3.3 was assumed. The bottom friction was accounted for using the expression of 

Collins (1972) with a friction parameter of 0.03 as opposed to the standard 

friction parameter of 0.015. The enhanced friction parameter was chosen to 

account for the limestone reef seabed in large areas of SWA. The ECMWF ERA-

Interim dataset also provides three-hourly 10 m wind fields at a spatial resolution 

of 0.75° bi-linearly interpolated onto 0.125°, which were used as wind input for 

the model. The model was run for the time span between 18 and 27 May and 1 

and 10 November 2014. The first 2 days of each simulation were used to spin up 

the model and were excluded from the validations and analyses.  

 

3.4.1.2 ROMS hydrodynamic model setup 

The SWWA current regime was modeled using the three-dimensional terrain-

following ocean circulation model ROMS (Haidvogel et al., 2000). ROMS 

solves the finite difference approximation of Reynolds-Averaged Navier-Stokes 

(RANS) equations by using hydrostatic and Boussinesq approximation with a 

split explicit time stepping algorithm (Haidvogel et al., 2008; Kumar et al., 2012; 

Shchepetkin and McWilliams, 2009, 2005). The physics in ROMS can be 

customized to a wide range of applications by implementing different advection 

schemes and turbulence closure models. Details of the numerical algorithm of 
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ROMS have been described in Shchepetkin and McWilliams (2005) and details 

of this specific application are presented below. 

 

The ROMS model domain covered the same area as the SWAN model with the 

same horizontal curvilinear orthogonal grid system. The bathymetry was also 

based on the Geoscience Australia bathymetry dataset. The vertical grid 

consisted of 30 s-levels according to the ROMS terrain-following coordinate 

system.  

 

The stability of ROMS simulations is determined by the grid stiffness ratio Rx0 

(Robustness) (Beckmann and Haidvogel, 1993). It is given as  

 

𝑅𝑥0 = (𝛥ℎ / 2ℎ ) = (ℎ1 − ℎ2)/(ℎ1 + ℎ2)     (3.2) 

 

with h1 and h2 being the water depth at adjacent points in the horizontal grid. 

Values of Rx0 < 0.2 were considered to provide robustness (Beckmann and 

Haidvogel, 1993; Rennie et al., 2007b). To ensure model stability, the 

bathymetry was smoothed using a moving average in areas with extremely steep 

slopes in order to reduce the maximum grid stiffness ratio to Rx0 = 0.19. 

 

Three-hourly surface forcing fields (wind stress, sea level pressure, heat and 

solar radiation) were obtained from the ECMWF-ERA Interim archive. Note that 

ROMS and SWAN were forced with the same wind fields. The physics in 

ROMS can be customized using various compilation settings (cpp flags). For this 

application, a non-linear equation of state was used. Tracer mixing was set along 

geopotential surfaces and a third-order Laplacian mixing scheme was utilized for 

tracer diffusion and viscosity, with mixing coefficients of 15 m2s-1. A Generic 

Length Scale scheme was used for vertical mixing (Umlauf and Burchard, 2003). 

Salinity relaxation was included as a freshwater flux. A radiation nudging 

scheme was applied at the boundaries to allow outgoing flows to pass freely 

through the boundary, and incoming flows were nudged to preset values. 

 

The open boundary was forced with tidal velocities (Shchepetkin boundary 

conditions) and elevation (Chapman Explicit boundary conditions) generated by 
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eight tidal constituents (Q1, O1, P1, K1, N2, M2, S2, K2) obtained from the TPXO7 

global tide model with a 1/4° resolution (Egbert and Erofeeva, 2002). The open 

boundary salinity, temperature, barotropic, and baroclinic momentum, and free 

surface sea levels were nudged (Marchesiello et al., 2001; Mason et al., 2010) to 

data from the Hybrid Coordinate Ocean Model (HYCOM) (Chassignet et al., 

2007). Initial conditions were provided by interpolating salinity, temperature, sea 

level, and barotropic and baroclinic velocity fields from the global HYCOM 

domain onto the ROMS grid. To prevent significant drift of sea surface 

temperature (SST) and salinity (SSS), the simulated surface data (SST and SSS) 

were relaxed to daily surface fields from HYCOM. 

 

The model was nudged to a monthly climatology along a 30 grid-point wide 

linearly tapered nudging band along the open boundaries; the nudging timescales 

ranged from 60 days at the interior limit to 15 days at the exterior limit. A sponge 

layer was applied at the open boundaries in order to increase the horizontal 

viscosity, suppress computational noise and absorb disturbances associated with 

the radiation condition (Marchesiello et al., 2001; Palma and Matano, 1998). 

 

 3.4.1.3 Coupled model setup 

COAWST includes the buoyancy-, wind-, tide-, and wave-driven processes by 

coupling SWAN and ROMS (McWilliams et al., 2004). The system couples the 

three-dimensional ROMS hydrodynamic model with the SWAN wind-wave 

generation and propagation model. This capability renders this model ideal to 

simulate and study wave-current interactions at a larger shelf scale (Kumar et al., 

2015). In the present study, ROMS and SWAN were two-way coupled using the 

model coupling toolkit (MCT). The following physics were considered in the 

fully coupled simulations: Wave breaking leads to a mixing of momentum in the 

upper water column, resulting in changes in the turbulent kinetic energy through 

the sea surface and the surface roughness length. Following Kumar et al. (2012) 

and Rong et al. (2014), the method by Carniel et al. (2009) for deep water wave 

breaking was applied using the CRAIG_BANNER option in combination with a 

Charnock-type relationship to define the surface roughness length. Excessive 

momentum flux within the water column due to waves was included by 
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implementing the vortex force formalism (WEC_VF) (Kumar et al., 2012; 

Uchiyama et al., 2010). Bottom stress was included using a simple quadratic 

bottom drag formulation (UV_QDRAG) with a Cd value of 0.003. Wave-effects 

on currents were applied by utilizing the wave energy dissipation from the wave 

model (WDISS_WAVEMOD). Surface currents were averaged using the method 

by Kirby and Chen (1989), which integrates the near-surface velocity of a depth 

controlled by the wave number (Warner et al., 2010) and therefore allows 

vertically sheared currents to alter the wave field (Kumar et al., 2015). The 

coupling between ROMS and SWAN was done synchronously with 30-minute 

intervals. All models were run in parallel on a distributed-memory XC40 Series 

Supercomputer (Pawsey.org.au). 

 

3.4.2 Experiments 

The influence of currents on the SWWA wave regime was assessed by 

simulating the effect of typical “states” of offshore currents on large wave events 

(LWEs). In the literature there is no uniform guideline for the threshold to 

identify LWEs. Commonly used thresholds include 𝐻𝑠 > 1.5 𝑚  (Dolan and 

Davis, 1992), 𝐻𝑠 > 4.0 𝑚 (Lemm et al., 1999), and 𝐻𝑠 > 7.0 𝑚 (Bosserelle et 

al., 2012) depending on the location of the study site. Due to bathymetric 

features, offshore islands, headlands, and locally varying winds, SWWA is 

exposed to a wide range of wave conditions and wave heights (Bosserelle et al., 

2012). Therefore, a statistical approach of the mean wave height plus two times 

the standard deviation was used to define the threshold for LWEs at the wave 

buoy locations in SWWA (Jurien Bay, Rottnest Island, and Cape Naturaliste) 

separately (Li et al., 2009; Zhang et al., 2000). To be classified as a LWE, the 

wave heights had to exceed the threshold in at least two of the three locations. 

All LWEs in 2014 were identified and two LWEs were chosen for further 

analysis (Figure 3.2a). The horizontal lines in Figure 3.2a indicate the threshold 

for LWEs at each of the three wave buoy locations. The LWEs used in this study 

are hereafter referred to as LWE1 (18 May – 27 May 2014) and LWE2 (1 

November – 10 November 2014). Similarly, two LC scenarios (LC1 and LC2 

respectively) that were representative of the fully developed LC system as 

described in the literature (Huang and Feng, 2015; Meuleners et al., 2007; Pearce 
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and Griffiths, 1991; Waite et al., 2007), were identified from the ROMS 

simulations. 

 

Three different experiments, as summarized in Table 3.1, were conducted in 

order to assess the influence of the SWWA current regime on waves. Firstly, 

regional wave (SWAN only) and current simulations (ROMS only) were 

performed for the year 2014. Observational data were used to validate the 

SWAN and ROMS simulations independently. The model evaluation is 

described in section 3.5, whereas the classification of LWEs is provided in 

section 3.6.1. 

 

In the second experiment (Experiment 2) the influence of two different fully 

developed LC scenarios on the same LWE was investigated. This was achieved 

by simulating the LWE1 using boundary currents from the two LC scenarios 

(LC1 and LC2) and wind forcing from the LWE1 scenario. The results were 

compared to a SWAN simulation of the LWE1 without currents (Section 

3.6.2.1).  

 

Lastly, wave conditions during LWE1 and LWE2 (Experiment 3) were simulated 

using SWAN and SWAN+ROMS (coupled model) as a hindcast and results were 

compared to wave buoy observations (Section 3.6.2.2).  
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Table 3.1 List of simulations. 

Experiment Wave simulation Current simulation 

1a) SWAN validation 1 January – 31 December 

2014 

- 

1b) ROMS validation - 1 January – 31 December 

2014 

2) Effect of LC on the 

waves 

LWE 1 (18 May – 27 May 

2014) 

- No current 

- LC1 

- LC2 

3a) Coupled hindcast LWE 1 (18 May – 27 May 

2014) 

- No current 

- May currents 

3b) Coupled hindcast LWE 2 (1 November – 10 

November 2014) 

- No current 

- November currents 
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3.5  Model assessment 

Data from three wave buoys in the region (Figure 3.1) were used to determine 

the accuracy of the wave simulations (particularly 𝐻𝑠 , 𝑇𝑝,  and 𝜃𝑝 ). Wave 

observations were obtained from three wave buoys (Datawell Waverider FL & 

Waverider MK III) deployed by The Government of Western Australia 

Department of Transport (Figure 3.1). Ocean circulation simulations were 

validated against surface current observations collected from a high-frequency 

(HF) radar array in the Rottnest shelf region. Tide gauge observations were 

utilized to validate simulated tides and mean sea level (MSL) (Figure 3.1). The 

HF radars are operated by the Integrated Marine Observing System (IMOS) and 

tide gauge data were sourced from The Australian Government Bureau of 

Meteorology.   

 

The following statistical metrics were used for the validation: the square of the 

Pearson correlation coefficient (coefficient of determination R2), the root-mean-

square-error (RMSE), the normalized RMSE (NRMSE, computed as RMSE / 

(XM,max – XM,min), where XM,max and XM,min are the respective maximum and 

minimum observed values), the model bias, and the model skill (Willmott et al., 

2012). The model skill was estimated as follows 

 

𝑆𝑘𝑖𝑙𝑙 =

{
 
 

 
 1 −

∑|𝑋𝑀−𝑋𝑂|

2 ∑|𝑋𝑂−𝑋𝑂̅̅ ̅̅ |
, 𝑤ℎ𝑒𝑛

∑|𝑋𝑀 − 𝑋𝑂| ≤ 2 ∑|𝑋𝑜𝑏𝑠 − 𝑋𝑂̅̅̅̅ |
2 ∑|𝑋𝑂−𝑋𝑂̅̅ ̅̅ |

∑|𝑋𝑀−𝑋𝑂|
− 1 , 𝑤ℎ𝑒𝑛

∑|𝑋𝑀 − 𝑋𝑂| > 2 ∑|𝑋𝑂 − 𝑋𝑂̅̅̅̅ |

     (3.3) 

 

where 𝑋𝑀 are the simulated and 𝑋𝑂 are the observed values. 

 

3.5.1 SWAN validation 

To validate the wave model, it was run for the entire year 2014 and validated 

against hourly measurements (𝐻𝑠, 𝑇𝑝, and 𝜃𝑚) from three wave buoys along the 

coast (Figure 3.1). The correlation coefficient (R), the RMSE, the NRMSE, the 

model bias, as well as the model skill for each location were determined (Table 
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3.2) and overall, the simulations agreed with the observations (Figure 3.2), with a 

correlation coefficient of 0.74 averaged across the three wave buoys. Significant 

wave heights over the entire 1-year time series were generally slightly under 

predicted with a model bias of -0.28 – -0.04 m. 

 

When comparing the model performance for the LWE1 (Figure 3.2c-e) and 

LWE2 (Figure 3.2f-h), the model over-predicted smaller wave heights (<2 m) 

before and after both LWEs. The model over-predicted the wave heights at 

Rottnest Island during the peak of LWE1 whilst under-predicting the wave 

heights at Jurien Bay. During the peak of LWE2 the model under-predicted the 

wave heights at Cape Naturaliste, whilst over-predicting the wave heights at 

Jurien Bay. Possible reasons for the errors may be the coarse spatial and 

temporal resolution of the boundary wave and wind fields. Furthermore, the lack 

of surface currents in the simulation may be responsible for some of the 

simulation errors. 
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Figure 3.2 (a) Observed hourly 2014 significant wave heights (𝐻𝑠) at Jurien Bay 

(black), Rottnest Island (blue), and Cape Naturaliste (red). The three horizontal 

lines indicate the threshold (mean 𝐻𝑠 plus two times the standard deviation) at 

each wave buoy location to classify large wave events (LWEs). Striped ellipses 

indicate LWE1 and LWE2. (b) Scatter plot of 2014 hourly simulated 𝐻𝑠 against 

observations at the three wave buoys. The color contour indicates the point 

density. Time series of 𝐻𝑠 of the large wave event (LWE) 1 at (b) Jurien Bay, (c) 

Rottnest Island, and (d) Cape Naturaliste, where the red line indicates the model 

results and the black line indicates observations. (f-h) same as (c-e) for LWE2.
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3.5.2 ROMS validation 

ROMS simulations were run for the year 2014 and model output was compared 

to hourly surface current observations collected by HF radar systems offshore of 

Perth (Figure 3.3a & b). HF radars measure near-surface currents by analyzing 

the echo of a transmitted radar signal after its reflection from ocean waves 

(Paduan and Graber, 1997). Their accuracy has been extensively assessed in a 

wide range of operating settings, including WA (Mihanović et al., 2016), and 

their use as a validation tool for model simulations is now well established. 

Examples of their applications to model validations can be found in Mau et al. 

(2007), Cosoli et al. (2013), and Ren et al. (2015). Quantitative comparisons 

between radar and model simulation include the calculation of vector correlation, 

power spectral density estimates, and coherence spectra between observed and 

simulated surface currents. HF radar observations at the closest model grid point 

were used for this purpose. Magnitude and angular misfit (𝑅𝑉𝐶 , 𝜃𝑉𝐶)  of the 

vector correlation were calculated following Kundu (1976). Vector correlation 

and angular veering are defined as 

 

𝑅𝑉𝐶 =
〈𝑢𝑂𝑢𝑀+𝑣𝑂𝑣𝑀〉+𝑖〈𝑢𝑂𝑣𝑀−𝑣𝑂𝑢𝑀〉

〈𝑢𝑂
2+𝑣𝑂

2 〉
1
2〈𝑢𝑀

2 +𝑣𝑀
2 〉

1
2

        (3.4) 

 

and 

 

𝜃𝑉𝐶 = tan
−1 〈𝑢𝑂𝑣𝑀−𝑣𝑂𝑢𝑀〉

〈𝑢𝑂𝑢𝑀+𝑣𝑂𝑣𝑀〉
        (3.5)  

 

respectively. In the equations, 𝑢 and 𝑣 are the surface current vector time series 

for the observation (indexed 𝑂) and the model (indexed 𝑀), 𝑖 = √−1, and 〈– 〉 is 

the ensemble-average operator. 𝑅𝑉𝐶  (𝜃𝑉𝐶)  values of 1 (0) indicate a perfect 

agreement in current magnitude (direction). Additionally, spectral analyses were 

performed to determine any source of misfit between observations and 

simulations. The radar grid point with the best temporal coverage in 2014 

(>94%; Figure 3.3c) was used for this purpose. Gaps were filled using linear 

interpolation. Power spectra of the U- and V-velocity components of both HF 

radar observations and ROMS were computed as described in Cosoli et al. 
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(2013) using 512 hour data segments with a 50% overlap and a Hanning window 

(Figure 3.3). These were used to calculate the squared coherence spectrum 𝛾2: 

 

𝛾2(𝑓) =
𝑃𝑟𝑚
2

𝑃𝑟𝑟𝑃𝑚𝑚
        (3.6) 

 

where 𝑃𝑟𝑟 and 𝑃𝑚𝑚 represent the radar and model spectral density distributions 

of the individual time series respectively, and 𝑃𝑟𝑚 is the cross-spectral density 

distribution. The model was also validated using sea-level observations from tide 

gauges at selected locations along the WA coastline. Tidal harmonic analysis 

was performed for the observed and simulated MSL data (Pawlowicz et al., 

2002). Tidal amplitudes and phases of the major tidal constituents were 

compared to observations in order to quantify the model’s ability to reproduce 

the local tidal regime. 

 

Correlation analysis suggests a good agreement between model simulations and 

radar measurements. Vector correlation ranged between 0.4 and >0.6 throughout 

most of the radar field (Figure 3.3a). The model-to-data angular misfit was below 

20° throughout most of the radar field (Figure 3.3b), suggesting that the model 

was able to accurately reconstruct the observed current direction.  

 

The spectral analyses suggest that simulated current fields over-estimated energy 

at the diurnal and semidiurnal tidal Frequency (Figure 3.3c), while under-

estimating the energy density in the high frequency spectrum. While coherence 

was high and exceeded 𝛾2 > 0.5  (> 0.7)  for the U (V) components in the 

diurnal frequency band, the low frequency tail of the spectrum (frequency below 

<0.025 cycles per hour (cph), periods longer than 40 hours) typically had lower 

coherence values (<0.2; Figure 3.3d). Energy levels in the low frequency end of 

the spectrum were comparable however (Figure 3.3c). A significant phase lag of 

~100-200° (not shown here) was also found between observed and simulated 

currents in the low-frequency band, while it was typically smaller (<50°) within 

the semidiurnal and diurnal tidal frequency bands. The over-estimation of the 

diurnal and semi-diurnal tidal bands may be caused by an under-representation of 

the tidal dissipation in the model currents across the shelf. The sub-grid scale 
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parameterization of the physical processes in the large-scale atmospheric forcing 

and the boundary conditions and ocean circulation models where boundary data 

was obtained from have a relatively poor resolution of high-frequency wind and 

boundary current data variability. The under-estimation of the high frequency 

energy spectrum in circulation models is a relatively common issue (Cosoli et al., 

2013; Hetland and DiMarco, 2012; Rong et al., 2014). 

 

Comparing the free surface elevation from the hydrodynamic model against 5-

minutely observations from three tide gauges (Figure 3.1) (interpolated onto the 

model timestep) suggests that the model was able to reproduce the mean sea 

level (MSL) variability. Average validation metrics are: correlation coefficient 

R2 of 0.8, model skill of 0.7, a RMSE of 0.1 m and a NRMSE of 9% (Table 3.2). 

 

As for the major tidal components in the region, the average bias and RMSE of 

the tidal amplitude was -0.01 m and 0.01 m respectively and the bias of the tidal 

phase was 3.42° with a RMSE of 8.95° (Table 3.2). Overall, the simulated tidal 

constituents showed a good agreement with the observations, as seen in the 

narrow spread in the scatter plot (Figure 3.4). However, the M2 and S2 tidal 

amplitudes were slightly under-represented (by 0.02 and 0.01 m respectively), 

whereas the N2 tidal phase was slightly over-represented (by ~16°). This is the 

opposite of what was found for simulated currents within the radar domain, 

where the model was biasing the tidal band in the opposite manner. As the radar 

observations were in deep water, offshore of Rottnest Island and the tide gauges 

were located close to the shore, a possible reason for this discrepancy might be 

an overestimation of the tidal dissipation across the shelf. 
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Figure 3.3 (a) Magnitude and (b) angular veering of the vector correlation 

between high frequency (HF) radar observations of the surface currents and 

simulated surface currents from the ROMS model. (c) Power spectrum over 

frequency of V- (blue) and U-velocities (red) from the HF radar (striped line) and 

the ROMS model (solid line). (d) Spectral coherence between ROMS and Radar 

V- (blue line) and U-velocities (red line). 
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Table 3.2 Statistics of the wave parameters (𝐻𝑠, 𝑇𝑝, and 𝜃𝑝) for each wave buoy 

and statistics of the mean sea level (MSL) tidal amplitude and tidal phase derived 

from the different harmonic tidal constituents at the three tide gauges at Jurien 

Bay, Fremantle, and Port Geographe. 

Location Jurien Bay Rottnest Island Cape Naturaliste 

S
W

A
N

 

𝑯
𝒔
 

 

R 0.88 0.92 0.92 

RMSE 0.44 m 0.35 m 0.37 m 

NRMSE 9.0 5.4 6.7 

Skill 0.68 0.79 0.79 

Bias -0.28 m -0.04 m -0.14 m 

𝑻
𝒑
 

R 0.73 0.68 0.69 

RMSE 1.4 s 1.6 s 1.5 s 

NRMSE 9.1 10.5 9.1 

Skill 0.7 0.6 0.6 

Bias 0.08 s -0.06 s 0.09 s 

𝜽
𝒑
 

R 0.60 0.58 0.62 

RMSE 13.4° 16.9° 14.2° 

Bias 7.73° 11.90° 5.99° 

Location Jurien Bay Fremantle Port Geographe 

R
O

M
S

 

M
S

L
 

𝑹𝟐 0.7 0.8 0.8 

Skill 0.6 0.7 0.7 

RMSE 0.1 0.1 0.1 

NRMSE 11 10 9 

T
id

a
l 

a
m

p
. Bias -0.01 -0.01 -0.01 

RMSE 0.01 0.01 0.01 

T
id

a
l 

p
h

a
. Bias 4.86 6.61 3.42 

RMSE 8.83 10.73 8.95 
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Figure 3.4 Scatter plots of simulated and observed tidal constituents from the 

harmonic analysis. (a) Scatter plot of tidal amplitude at Jurien Bay (black 

markers) Fremantle (green markers), and Port Geographe (red markers). (b) 

Scatter plot of tidal phase and amplitude at Jurien Bay (black markers) Fremantle 

(green markers), and Port Geographe (red markers). 
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3.6  Results 

3.6.1 Observations 

Data collected from the three wave buoys located along the WA coast (Figure 

3.1) were used to characterize the wave regime for the year 2014 as shown in 

Figure 3.2a. The southernmost wave buoy (Cape Naturaliste) experienced the 

largest annual mean significant wave heights (𝐻𝑠,𝑚𝑒𝑎𝑛 = 2.66 𝑚) compared to 

Rottnest Island (𝐻𝑠,𝑚𝑒𝑎𝑛 = 2.22 𝑚) and Jurien Bay (𝐻𝑠,𝑚𝑒𝑎𝑛 = 2.23 𝑚) due to 

its location exposing it to the wave generating low pressure systems in the 

Southern Indian Ocean. The annual mean 𝑇𝑝 averaged across the three locations 

was 13.1 s and the annual mean 𝜃𝑚 varied between 237 and 251°. Within the 

observed twelve-month period 21 large wave events were recorded (Figure 3.2a) 

and the biggest wave heights were persistently recorded at Cape Naturaliste. The 

annual mean 𝐻𝑠 at Jurien Bay was slightly higher than at Rottnest Island, while 

the maximum 𝐻𝑠  of LWEs at Rottnest Island exceeded the maximum 𝐻𝑠  of 

LWEs at Jurien Bay in most instances.  

 

Two out of the 21 large wave episodes, representative for all LWEs in 2014 were 

chosen for this study (Figure 3.2). Criteria for the selection of these specific 

wave events were primarily the temporal coverage of the LWEs (i.e. only one 

wave buoy failed to record during the peak of LWE1).  

 

The observed incident mean wave direction during LWE1 was from the west-

southwest (240-275°) and during LWE2 from the southwest (220-260°) resulting 

in a larger wave height gradient from south to north during LWE2. Due to the 

slight southerly direction of the incident waves, LWE1 (Figure 3.2c-e) reached 

Cape Naturaliste first before the 𝐻𝑠 started increasing at Rottnest Island with a 

three-hour delay and with a seven-hour delay at Jurien Bay. Maximum wave 

heights were of similar magnitude at Rottnest Island and Jurien Bay (5.27 m and 

5.18 m respectively) and the maximum wave height at Cape Naturaliste was not 

recorded due to equipment failure. In contrast to LWE1, maximum significant 

wave heights varied significantly more during the LWE2 (Figure 3.2f-h), with 

largest waves at Cape Naturaliste (5.06 m), followed by Rottnest Island (4.23 m), 
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and Jurien Bay (3.78 m). The time lag between the initial increase in 𝐻𝑠 between 

the different wave buoys was larger than during the LWE 1 (Figure 3.2f-h) as a 

result of the stronger southerly component of the incident waves.  The increased 

southerly direction during LWE2 was also responsible for the differences in 

wave heights at the three wave buoy locations. 
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3.6.2 Coupled simulations 

3.6.2.1 Effects of the Leeuwin Current on waves 

The ROMS simulations captured the meso- and submeso-scale features 

associated with the LC system, such as meanders and cyclonic and anti-cyclonic 

eddies. The annual mean current velocity ranged between 0.4-0.5 m/s along the 

shelf (not shown). The normalized standard deviation around the mean velocities 

was in the same order of magnitude as the time averaged currents, implying a 

significant variability in time and space. The large variability extended away 

from the shelf edge into the deep water as eddies and meanders often propagated 

away from the coast into the open ocean. 

 

During the LC1 scenario, a meander of the LC system is present along the shelf 

edge with a well-developed and stable cyclonic eddy off Rottnest Island (Figure 

3.5). During the second scenario (LC2), the LC meander and the eddy were both 

present, however, the eddy off Rottnest Island was anti-cyclonic (Figure 3.6). 

Both anti-cyclonic and cyclonic eddies are recurrent features in the region, which 

form due to the bathymetry and shear between flows of different direction and 

magnitude (Pearce and Griffiths, 1991; Rennie et al., 2007b). The first (second) 

scenario had peak velocities up to 1 m/s (1.2 m/s), with the maximum velocity in 

the meanders of the LC.  

 

Both scenarios were chosen as representations of the LC variability and are focus 

of more detailed investigations for this paper. SWAN and ROMS were coupled 

within COAWST to assess the effect of the two different LC scenarios on the 

significant wave height. For this specific purpose, the coupled model was run for 

the duration of the LWE1 and forced with current conditions from the two LC 

scenarios (LC1 and LC2).  

 

In the no-current scenario (Figure 3.5a), the SWAN wave model predicted a 

smooth decrease in 𝐻𝑠 gradient in a southwest to northeast direction. The highest 

wave heights (>7 m) occurred in the southwest of the domain, and the smallest 

wave heights on the shelf and nearshore. Significant changes in wave height 

were predicted with the coupled model simulation (Figure 3.5b). 
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Changes in 𝐻𝑆 were most evident in areas with high current velocities (Figure 

3.5c). Where ROMS was reproducing the LC meandering system, changes in 𝐻𝑠 

could be associated with the wave steepening effect of ocean currents in 

direction opposite of the waves. In fact, 𝐻𝑠  increased where currents were 

flowing southwest and waves were traveling north-northeast. Waves were 

modulated in the opposite way (i.e. 𝐻𝑠 decreased) in areas where the flow and 

wave directions were coherent. 

 

To provide an estimate of the effect of the currents on waves, differences in 𝐻𝑠 

between the two simulations (SWAN only and SWAN+ROMS coupled 

simulations) were computed. Results are shown in Figure 3.5d. Wave heights 

increased by up to 1 m in the southern part of the eddy, west of Rottnest Island, 

where strong currents opposed the dominant wave direction. On the other hand, 

wave heights decreased by 0.6 m in the northern section of the eddy where 

currents aligned with the wave direction. In relative terms, simulation results 

suggest that current interaction may introduce a ±10-20% modulation in 𝐻𝑠. The 

biggest difference in wave direction was found in the eddies, as well as inshore 

of the strong currents (Figure 3.5e). While wave heights were mainly modulated 

within the bands of strong currents, wave directions were altered throughout the 

entire eddy system and throughout the shelf. Within the eddies a southward shift 

in wave directions of 10-15° was found (Figure 3.5e). 

 

Similar effects were observed when investigating the effect of the LC2 scenario 

on the wave field (Figure 3.6a & b). Waves propagating in the opposite direction 

of currents (Figure 3.6c) increased in 𝐻𝑠  whilst waves propagating in the 

direction of currents decreased in 𝐻𝑠. However, currents in the second scenario 

were stronger which led to larger alterations in the wave field compared to the 

first scenario. In areas of maximum current velocities, wave heights increased up 

to ~1.2 m and decreased by up to 1 m (Figure 3.6d). Overall, wave heights were 

changed by ±25% when adding the currents to the wave model. Wave directions 

changed towards a more southerly direction (by 15-20°) with the largest change 

in the eddy field and inshore of the eddies (Figure 3.6e). In comparison with the 
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first simulation, this indicates that both current magnitudes and direction are 

important terms in the wave-current interaction. 

 

During the LC2 scenario the LC was dominant in the southwest around Cape 

Naturaliste and Cape Leeuwin whereas the strongest currents during the LC1 

scenario occurred north of Cape Naturaliste. The offshore currents west of the 

LC were stronger throughout the entire region during the LC2 scenario. This 

resulted in altered wave heights and directions offshore away from the shelf edge 

and the LC. 
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Figure 3.5 (a) Significant wave heights 𝐻𝑠 during the peak of the first exemplary 

large wave event modeled with SWAN without taking into consideration 

currents. (b) 𝐻𝑠 during the peak of the same large wave event simulated by the 

coupled (ROMS+SWAN) model. (c) Surface current velocity (LC 1 scenario) 

simulated with ROMS. The currents were used to investigate their impact on the 

wave regime. (d) Difference in 𝐻𝑠 between the coupled model and SWAN. (e) 

Difference in mean wave direction between the coupled model and SWAN. 
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Figure 3.6 (a) Significant wave heights 𝐻𝑠 during the peak of the first exemplary 

large wave event modeled with SWAN without taking into consideration 

currents. (b) 𝐻𝑠 during the peak of the same large wave event simulated by the 

coupled (ROMS+SWAN) model. (c) Surface current velocity (LC 2 scenario) 

simulated with ROMS. The currents were used to investigate their impact on the 

wave regime. (d) Difference in 𝐻𝑠 between the coupled model and SWAN. (e) 

Difference in mean wave direction between the coupled model and SWAN. 
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3.6.2.2 Coupled hindcast 

To highlight the importance of wave-current interaction in realistic applications, 

the two representative LWEs described above were also simulated as a hindcast 

with (SWAN+ROMS coupled) and without currents (SWAN only). During the 

time period of the first LWE the current simulations predicted a relatively weak 

LC (current velocities <1 m/s) (Figure 3.7a). A large anti-cyclonic eddy was 

formed that expanded from around 32°S offshore of Rottnest Island towards the 

northeast. Another, smaller anti-cyclonic eddy was present further south, off the 

coast of Cape Naturaliste. Even though the currents were small compared to the 

previous experiments, wave heights were significantly modified. In the southern 

area of both eddies wave heights decreased by approximately 0.5 m and in the 

northern area of both eddies wave heights increased by 0.5-0.7 m. In a band of 

strong surface currents between the two eddies, 𝐻𝑠  increased by about 0.6 m 

(Figure 3.7b). Similarly, wave directions were modulated throughout the domain. 

The biggest change in wave direction occurred to the south of the cyclonic eddy 

(northerly shift in 𝜃𝑝 by ~5-10°) as well as within the area of the eddy (southerly 

shift in 𝜃𝑝 by ~5°) (Figure 3.7d). Even though it was not the focus of this study, 

current velocities of the coupled model (ROMS+SWAN) and the circulation 

model (ROMS only) were compared (Figure 3.7e). The biggest change in current 

velocities occurred in areas with the strongest currents (i.e. in the LC and 

associated eddy fields). Current velocities decreased by ~0.3 m/s in the 

southward flowing current between Rottnest Island and Cape Naturaliste under 

the influence of waves. Currents velocities increased by 0.2-0.3 m/s in the eddy 

fields and in areas of northward flowing currents.  

 

Due to the coarse temporal resolution of the forcing fields, the models failed to 

accurately predict high-frequency changes (shorter than six hours) in wave 

conditions (e.g. changes through strong local wind gusts). In the following 

analysis, the models are therefore not only compared to half-hourly observed 𝐻𝑠, 

but also to the six-hourly moving average of the observations (Figure 3.8). 

Filtering high-frequency observations is a common method to assess model skills 

in simulations that are known to under-perform in the high-energy spectrum (e.g. 

Janeković et al., 2015). As such, a six-hour moving average filter was applied to 
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the data. The measurements at the Cape Naturaliste wave buoy were neglected as 

measurements failed during the peak of the wave event. The accuracy of the 

simulations was evaluated by subtracting the maximum of the simulated 𝐻𝑠 from 

the maximum of the observed 𝐻𝑠 and the maximum of the six-hourly moving 

average of the observed 𝐻𝑠. Whilst including the surface currents resulted in a 

slightly improved estimation of the maximum 𝐻𝑠 of the LWE1 at Jurien Bay, the 

model performance decreased slightly at Rottnest Island (Figure 3.8; Table 3.3). 

 

During the LWE2, the LC was relatively weak (<0.5 m/s), however, stronger 

offshore currents were present (Figure 3.9a). A large anti-cyclonic eddy 

dominated the northern half of the model domain and a smaller cyclonic eddy 

was present in the eastern part of the domain around 32°S. The alignment of the 

eddies led to a significant decrease in wave heights across the northwest (Figure 

3.9b), particularly around Jurien Bay and a slight increase in wave heights in the 

southern part of the domain around Cape Naturaliste. Current conditions resulted 

in a shift in wave angles towards a more northerly direction (by up to 10°) 

throughout most of the domain. While the biggest changes in wave direction 

occurred within a big eddy northwest of Rottnest Island, significant changes in 

wave direction were found in the entire nearshore area (Figure 3.9c). A 

comparison of the coupled simulations to the circulation-only case (ROMS only) 

shows a similar modulation of the current magnitudes as in the previous 

experiment. Waves had the biggest impact (±0.2 m/s) on current velocities in 

areas of strong currents (Figure 3.9d). The discrepancy between simulated and 

observed 𝐻𝑠  decreased slightly at Cape Naturaliste, however, it increased at 

Jurien Bay (Figure 3.10; Table 3.3) and remained relatively unchanged at 

Rottnest Island. 

 

Overall, across both wave events, including the currents in the simulations 

reduced the error from 0.16 m to 0.11 m when comparing the model to the 

maximum of the six-hourly moving average of the observations. However, when 

comparing the maximum simulated 𝐻𝑠 to the maximum unfiltered observed 𝐻𝑠, 

the difference increased from 0.37 m (without currents) to 0.46 m (with currents) 

(Table 3.3). 
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Figure 3.7 (a) Surface currents during the peak of the first large wave event 

(LWE 1) (22-27 May 2014) from the ROMS simulations. (b) Difference in 𝐻𝑠 

between the coupled simulations (SWAN + ROMS) and the wave simulations 

(SWAN only). (c) Difference in 𝜃𝑚  between the coupled simulations and the 

wave only simulations. (d) Difference in current velocity between the coupled 

simulations and the wave only simulations. (d) Difference in current velocity 

between the coupled simulations and the current simulations (ROMS only). 
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Figure 3.8 Time series of the significant wave height 𝐻𝑠 of the first large wave event (LWE 1) (22 May – 27 May 2014) modeled with (a) 

SWAN and (b) the coupled model (SWAN + ROMS). (c) the 6-hour moving average of the observations and (d) the observations. 

Measurements were taken at Jurien Bay (black line), Rottnest Island (blue line), and Cape Naturaliste (red line). 
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Table 3.3 Maximum of the observed 𝐻𝑠 and of the six-hourly moving average of the observed 𝐻𝑠, maximum modeled 𝐻𝑠 for the both large 

wave events (LWEs) and corresponding model error estimated as the difference between the model and observations. 

 Location Max. Obs. 

𝑯𝒔 [m] 

Max. 6-

hourly 

mvg. avg. 

of Obs. 𝑯𝒔 

[m] 

SWAN 

max. 𝑯𝒔 

SWAN 

max. 𝑯𝒔  vs 

Max. Obs. 

𝑯𝒔 [m] 

SWAN 

max. 𝑯𝒔  vs 

Max. 6-

hourly 

mvg. avg. 

of Obs. 𝑯𝒔 

[m]  

SWAN+ROMS 

max. 𝑯𝒔 [m] 

SWAN+ROMS 

max. 𝑯𝒔  vs 

Max. Obs. 𝑯𝒔 

[m] 

SWAN+ROMS 

max. 𝑯𝒔  vs 

Max. 6-hourly 

mvg. avg. of 

Obs. 𝑯𝒔 [m]  

L
W

E
 1

 

Cape 

Naturaliste 

- - 5.88 - - 5.85 - - 

Rottnest 

Island 

5.27 4.93 4.98 0.29 -0.05 4.81 0.46 0.12 

Jurien Bay 5.28 4.76 4.59 0.59 0.17 4.63 0.55 0.13 

L
W

E
 2

 

Cape 

Naturaliste 

5.06 4.61 4.5 0.56 0.11 4.59 0.47 0.02 

Rottnest 

Island 

4.23 4.0 3.85 0.38 0.15 3.83 0.4 0.17 

Jurien Bay 3.78 3.48 3.82 -0.04 -0.34 3.35 0.43 0.13 

Average     0.37 0.16  0.46 0.11 



 

62 

 

 

 

Figure 3.9 (a) Surface currents during the peak of the second large wave event 

(LWE 2) (5 November – 10 November 2014) from the ROMS model. (b) 

Difference in 𝐻𝑠  between the coupled simulations (SWAN + ROMS) and the 

wave simulations (SWAN only). (c) Difference in 𝜃𝑚  between the coupled 

simulations and the wave only simulations. (d) Difference in current velocity 

between the coupled simulations and the current simulations (ROMS only). 
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Figure 3.10 Time series of the significant wave height 𝐻𝑠 of the second large wave event (LWE 2) (5 November – 10 November 2014) modeled 

with (a) SWAN and (b) the coupled model (SWAN + ROMS). (c) the 6-hour moving average of the observations and (d) the observations. 

Measurements were taken at Jurien Bay (black line), Rottnest Island (blue line), and Cape Naturaliste (red line). 
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3.7  Discussion 

The results indicated that the LC system has a significant influence on the wave 

regime in SWWA. Significant wave heights can be altered by ±25% in areas of 

strong current flows during a “typical” LC state. Wave directions are modulated 

by up to ±20° and changes in wave directions not only occur in areas of strong 

currents but also in the lee of strong currents and nearshore. Since the LC is 

highly variable in time and space, the influence of offshore currents on waves is 

also highly variable and not easily predictable. Results show that the effect of the 

LC on the waves depends (1) on the state of the LC and its eddy system (e.g. 

rotation and strength of the LC and eddies); and (2) on the incident wave 

conditions (e.g. waves approaching from different angles respond differently to 

the same current conditions). 

 

The present study is based on two LWEs and two LC scenarios. Both LWEs and 

LC states are representative for 2014 mean current and large wave conditions in 

SWWA. Furthermore the conditions are in agreement with literature describing 

long-term mean conditions (e.g. Bosserelle et al., 2012; Waite et al., 2007), 

however, the ocean conditions can deviate significantly from those presented 

here. The simulations of the 2014 current regime showed an average current 

velocity of 0.5 m/s in the area of the LC, with a standard deviation in the same 

order of magnitude, indicating a large intra-annual variability. More details can 

be found for instance in Feng et al. (2003). The maximum core velocity of the 

LC is estimated to be ~1 m/s (Meuleners et al., 2007) and the inshore edge’s 

mean distance to the coastline of the LC varies seasonally and inter-annually 

between ~21 and 86 km (Huang and Feng, 2015). Cresswell and Golding (1980) 

reported eddies that originated from the LC propagating with velocities about 7 

km/day. Furthermore, SWWA’s wave climate changes intra- and inter-annually 

(Bosserelle et al., 2012; Hemer et al., 2010). Additionally to the seasonal and 

intra-seasonal variability, the present study revealed also a major variability on a 

diurnal scale.  

 

The results illustrated here are relatively consistent with previous findings: for 

instance, Hashemi and Neill (2014) found changes in wave energy of up to 10% 
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in areas with tidal currents of similar magnitude to the LC in northwestern 

Europe. In regions with particularly prevalent offshore currents and eddies, e.g. 

the Agulhas Current offshore South Africa (Irvine and Tilley, 1988; Schumann, 

1976), the Kuroshio Current offshore Japan (Sugimori, 1973), or the Gulf Stream 

in the North Atlantic (Holthuijsen and Tolman, 1991), the currents have the 

potential to not only significantly alter offshore waves but also nearshore waves. 

Ardhuin et al. (2012) found a significant change in wave parameters in areas 

“down-wave of strong current gradients that cause large refraction effects”. This 

was supported by this present study where significant wave refraction was 

observed inshore of strong current fields and nearshore. Littoral currents are 

driven by depth-induced wave breaking and a change in the nearshore wave 

angles leads to modified wave-driven current dynamics and consequently 

changing littoral drift, sediment patterns, and shoreline change (e.g. Uchiyama et 

al., 2010). While not the main focus of this study, a significant change in current 

velocities was found when the coupled simulations were compared to the 

circulation simulations (ROMS only) (Figure 3.7d & 3.9d).  The biggest changes 

were observed offshore and changes in nearshore dynamics should be 

investigated in the future. When simulating nearshore circulation without wave 

forcing, bottom shear stresses and the direction and strength of littoral currents 

are often misrepresented (Michaud et al., 2012). Wave-current interaction has 

therefore a twofold impact on sediment transport: waves are modified by the 

presence of currents resulting in changed bottom stress, while at the same time 

local circulation features are modified by waves, resulting in altered advective 

flows (Sclavo et al., 2013). The SWWA offshore current system may therefore 

(depending on rotation and strength of eddies) either significantly enhance or 

reduce coastal erosion. 

 

At the location of the wave buoys, the accuracy of the coupled model hindcast 

did not significantly improve compared to the SWAN alone hindcast. This was 

expected, as the wave buoys were located nearshore and therefore outside of 

areas of strong currents. Future research could benefit from direct measurement 

of wave conditions in the area of the LC and its eddies. 
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A common issue with coupled wave-current simulations is that the simulations 

are more energetic and dynamically active than if currents or waves are 

simulated separately (Rong et al., 2014). Particularly small-scale temporal and 

spatial features in the high-frequency spectrum (e.g. Figure 3.3) are often 

chaotic, with a variability of similar magnitude of the broader scale simulated 

signal (e.g. 𝐻𝑠 , current velocities, ocean temperature or salinity etc.) (Hetland 

and DiMarco, 2012; Marta-Almeida et al., 2013). This is supported by the results 

presented here, as the coupled simulations captured the maximum of the 

observed 𝐻𝑠  during both large wave events better when compared to 

observations filtered with a six-hourly moving average filter (Figures 3.8 & 3.10; 

Table 3.3). In order to capture small-scale energetic features more accurately, a 

higher model resolution, and, more importantly a higher temporal and spatial 

resolution of the forcing fields may be needed. For example, previous studies 

showed a significant improvement in model performance when applying high-

resolution wind fields to wave-current models (Sclavo et al., 2013). In areas 

where observational data is available, 4D-Var data assimilation can be used to 

enhance model performance, as the small-scale features within the model are 

then constrained to the observational data (Janeković et al., 2013; Moore et al., 

2011). 

 

The results showed the effect of the LC and the associated prevailing eddies on 

local waves and highlight the importance of considering the offshore current 

regime when assessing regional wave heights, wave climates, and wave energy 

resources. Whilst inclusion of tides is becoming more common in wave models 

(Ardhuin et al., 2012; Hashemi et al., 2015; Hashemi and Neill, 2014; Saruwatari 

et al., 2013), wave-current interaction is still mostly neglected in regions with 

smaller tidal currents but stronger geostrophic, wind, or density driven  currents 

such as SWWA. 
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3.8  Concluding remarks 

In this study the influence of the southwest Western Australian (SWWA) 

offshore current regime on surface gravity waves was investigated by coupling 

the wave model Simulating WAves Nearshore (SWAN) and the Regional Ocean 

Modeling System (ROMS) using the Coupled-Ocean-Atmosphere-Wave-

Sediment Transport model (COAWST). For the first time it was shown that the 

offshore ocean circulation plays an important role in the SWWA wave regime. 

Results indicated that the surface currents, particularly the meanders and eddies 

of the Leeuwin Current (LC), have a significant impact on local wave dynamics. 

Waves propagating in the same direction as the current were reduced in 

significant wave heights (𝐻𝑠), whilst the 𝐻𝑠 of waves propagating in the opposite 

direction of the current flow was increased and it was demonstrated that the LC 

alters significant wave heights by up to ±25% in its normal state. This implies 

that operational wave models that are used to predict SWWA wave conditions 

may be substantially under- or over predicting regional wave conditions. 

Additionally, significant wave refraction occurred in areas of strong currents (up 

to ± 20°), as well as down-wave of strong currents, nearshore. This is an 

important finding as changes in incident wave angles can alter the alongshore 

direction of wave induced currents and consequently lead to changes in sediment 

patterns and shoreline change.  

 

While this study focused on the influence of the LC on the SWWA waves, the 

impact of the waves on the currents can also be studied using the COAWST 

model framework. Work is currently underway to quantify the role of wave-

induced currents on the SWWA shelf circulation.  
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Chapter 4 

4. The response of the southwest Western Australian 

wave climate to Indian Ocean climate variability 

4.1 Summary 

Knowledge of regional wave climates is critical for coastal planning, 

management, and protection. In order to develop a regional wave climate, it is 

important to understand the atmospheric systems responsible for wave 

generation. This study examines the variability of the southwest Western 

Australian (SWWA) shelf and nearshore wind wave climate and its relationship 

to southern hemisphere climate variability represented by various atmospheric 

indices: the southern oscillation index (SOI), the southern annular mode (SAM), 

the Indian Ocean Dipole Mode Index (DMI), the Indian Ocean Subtropical 

Dipole (IOSD), the latitudinal position of the subtropical high-pressure ridge 

(STRP), and the corresponding intensity of the subtropical ridge (STRI). A 21-

year wave hindcast (1994-2014) of the SWWA continental shelf was created 

using the third generation wave model SWAN (Simulating WAves Nearshore), 

to analyse the seasonal and inter-annual wave climate variability and its 

relationship to the atmospheric regime. Strong relationships between wave 

heights and the STRP and the STRI, a moderate correlation between the wave 

climate and the SAM, and no significant correlation between SOI, DMI, and 

IOSD and the wave climate were found. Strong spatial, seasonal, and inter-

annual variability, as well as seasonal longer-term trends in the mean wave 

climate were studied and linked to the latitudinal changes in the subtropical high-

pressure ridge and the Southern Ocean storm belt. As the Southern Ocean storm 

belt and the subtropical high-pressure ridge shifted southward (northward) wave 

heights on the SWWA shelf region decreased (increased). The wave height 

anomalies appear to be driven by the same atmospheric conditions that influence 

rainfall variability in SWWA. 
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4.2 Introduction 

Wave-driven processes are the primary mechanism for sediment transport and 

mixing in the coastal zone, and these processes depend on the direction and 

power of the incident waves across the continental shelf (Hemer et al., 2010; 

Masselink and Pattiaratchi, 2001). The Southern Ocean (SO) features one of the 

most energetic wave climates in the world (Hemer et al., 2008; Reguero et al., 

2015; Sterl and Caires, 2005; Young, 1999; Young et al., 2011), making the 

Southern Indian Ocean, and the southwest Western Australian (SWWA) shelf in 

particular an ideal site for renewable wave energy devices (Hughes and Heap, 

2010). In recent years, an intensification, combined with a southward trend of 

storms in the SO has been observed, which resulted in increased wave heights in 

the SO and Southern Australia (Hemer, 2010; Hemer et al., 2010; Hemer and 

Griffin, 2010). However, no significant trends have been found in the SWWA 

nearshore area when analysing wave observations and models (Bosserelle et al., 

2012; Li et al., 2012, 2011). 

 

In order to fully understand the longer-term wave climate of a particular region, 

it is essential to understand the atmospheric circulation patterns that drive the 

wave climate and their variability. Climate indices derived from atmospheric 

pressure gradients between particular locations are commonly used to describe 

circulation patterns in order to understand broad-scale weather and ocean climate 

conditions such as droughts, rainfall variability, water levels, temperature 

anomalies, and wave climate variability. For example, the Southern Oscillation 

Index, based on the normalised atmospheric pressure difference between Tahiti 

and Darwin, defines the El Niño/La Niña events.  In the northern Pacific Ocean, 

wave heights, and therefore beach variability, are associated with the El Niño 

Southern Oscillation (ENSO) (Allan and Komar, 2000; Bromirski, 2005; 

Graham and Diaz, 2001; Seymour, 2011; Wang and Swail, 2001) and the Pacific 

Decadal Oscillation (Bromirski et al., 2013). Episodes of El Niño have been 

associated with increased deep water wave heights along the entire United States 

west coast, resulting in increased run-up levels on beaches, elevated water levels, 

and consequently increased coastal erosion (Allan and Komar, 2006). In the 

western Pacific and Indian Oceans, Lopez and Kirtman (2016) found a nonlinear 



Chapter 4 - Introduction  

  70 

influence of the ENSO on large wave height events, with event numbers 

decreasing during boreal summers and after the warm phase of ENSO. In the 

southern Pacific Ocean a strong relationship between the wave climate and the 

ENSO, the subtropical ridge position (STRP), and the Southern Annular Mode 

(SAM), a large-scale mode of atmospheric variability in the Southern 

Hemisphere was found (Goodwin, 2005; Hemer, 2010; Mortlock and Goodwin, 

2016, 2015). A strong correlation between the SAM and the directional wave 

climate of the entire Southern Hemisphere was reported by Hemer et al. (2010) 

who also highlighted the importance of studying the impact of atmospheric 

systems on the nearshore wave climate as an important driver for sediment 

transport. Mortlock and Goodwin (2016) investigated the shoreline response of a 

headland-bay beach on Australia’s east coast to different patterns of the ENSO 

(central Pacific and eastern Pacific ENSO events), as well as the latitudinal 

position of the subtropical high-high pressure ridge (STRP). The study showed 

that even subtle changes in offshore atmospheric climate patterns could lead to 

significantly different states of beach erosion, as well as varying beach recovery 

times. A recent study by Gallop et al. (2015) showed that the 90th percentile 

significant wave height offshore of three beaches in SWWA was significantly 

correlated to the shoreline variability, highlighting the need to study regional 

wave climates.   

 

The SO and the Australian wave climate variability has been linked to three main 

atmospheric indices: the Southern Oscillation Index (SOI) (Hemer et al., 2010; 

Mortlock and Goodwin, 2016; Reguero et al., 2015), the SAM (Bosserelle et al., 

2012; Hemer et al., 2010), and the STRP (Mortlock and Goodwin, 2015). Only a 

few studies have linked these teleconnection patterns to the shelf and nearshore 

wave climate on Australia’s east coast (e.g. Goodwin 2015 & 2016; O’Grady 

2015), however, no such studies have been performed on the west coast and the 

SWWA shelf. 

 

In order to investigate the recent wave climate variability on the SWWA shelf 

and to examine its response to synoptic patterns, a hindcast of wave parameters 

(significant wave height, period, and direction) for the period between 1994 and 

2014 was developed. The time span was selected to coincide with the measured 
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wave data that were used to validate the model results. Whilst a time span of 21-

years is generally considered to be too short to identify long-term climate trends 

(IPCC, 2007), it allowed for a more reliable estimation of the shelf wave climate 

and the relationship between climate indices and wave climate than previous 

studies such as Lemm et al. (1999), who investigated the wave climate using a 2-

year time series or Li et al. (2011), who used a 15-year time series. The 

numerical model enabled us to examine trends, variability, and relationships with 

climate indices over a longer time period and greater area than would have been 

possible with the limited single point shelf observations. 

 

The aim of this study was to determine: (1) the seasonal and inter-annual SWWA 

wave climate variability; (2) a relationship between the wave climate and climate 

indices (e.g. SOI, SAM, and STRP); and, (3) the longer term trends and seasonal 

shifts in the SWWA wave climate and the influence of the different atmospheric 

circulation patterns on these trends. These aims were achieved through a hindcast 

of wave parameters (significant wave height, period, and direction) for the period 

between 1994 and 2014 validated against measurements. This paper is arranged 

as follows: Section 4.3 gives background information about the study area and 

the climate indices and section 4.4 describes the methodology and the model 

setup, whilst section 4.5 describes the model validation. The numerical 

simulations and results are presented in section 4.6 whilst the results are 

discussed in section 4.7 and the conclusions are drawn in section 4.8. 
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Figure 4.1 Bathymetry of the study region and SWAN model domain. Black 

dots indicate the locations of the Jurien Bay (JDW), Rottnest Island (RDW), and 

Cape Naturaliste (NDW) wave buoys, as well as the Hillarys Boat Harbour 

(HBH) wind gauge (Table 4.1).  
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4.3 Background 

4.3.1 The study area 

The southwest Western Australian (SWWA; Figure 4.1) wave climate and 

weather patterns are governed by three major atmospheric systems: the Southern 

Ocean (SO) storm belt, a band of swell generating, eastward traveling 

depressions (Bosserelle et al., 2012; Hemer et al., 2010); the subtropical high-

pressure ridge, a band of eastward traveling anti-cyclones that cross the 

Australian coastline (Lemm et al., 1999; Williams and Stone, 2009); and the sea 

breeze system (Pattiaratchi et al. 1997; Masselink and Pattiaratchi 2000; 2001).  

 

The SO storm belt, also referred to as the “roaring forties”, is located between 

30°S and 60°S. Strong westerlies and long fetch distances in these latitudes 

generate larger swell waves that propagate through the southern Indian Ocean 

before reaching the SWWA shelf, and the latitudinal fluctuation of the SO storm 

belt is associated with the variability of SWWA wind speeds, wave heights, and 

rainfall (Bosserelle et al., 2012; Hemer, 2010; Hemer et al., 2010; Hendon et al., 

2007; Lovenduski, 2005; Raut et al., 2014; Reguero et al., 2015; Sterl and Caires, 

2005; Williams and Stone, 2009). The latitude of the SO storm belt is closely 

correlated to the position (latitude) of the subtropical high-pressure ridge (STRP) 

(Williams and Stone, 2009). A seasonal southward shift of the high-pressure 

ridge in summer suppresses the SO storms from reaching the SWWA coast, 

whereas a northward shift of the ridge in winter allows the westerly fronts from 

the SO storm belt to impact the coastline (Lemm et al., 1999). For ~200 days per 

year, the Perth Metropolitan area is exposed to the land sea breeze systems 

(LSB). The sea breeze prevails mainly during the summer months and impacts 

the nearshore wave climate. The LSB cycle is characterized by easterly 

(offshore) winds in the morning followed by southerly (shore parallel) winds in 

the afternoon. The sea breeze winds generate short period waves in the coastal 

regions, which are responsible for the northward volume transport of water and 

sediment during the summer months (Bosserelle et al., 2012; Gallop et al., 

2012b; Masselink and Pattiaratchi, 2000; Pattiaratchi et al., 1997; Verspecht and 

Pattiaratchi, 2010). During the summer months, on rare occasions the region can 
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be influenced by tropical cyclones with increased northerly winds and waves 

(Lemm et al., 1999; Li et al., 2011). 

 

The wave climate varies across the inner shelf, with offshore reefs, shallow shelf 

areas and islands blocking and dissipating a large amount of the wave energy in 

the metropolitan area offshore Perth (Searle and Semeniuk, 1985). The wave 

heights along the shoreline are therefore generally significantly lower than the 

offshore wave heights by up to 75% (Pattiaratchi et al., 2014). Previous studies 

found a mean significant wave height (𝐻𝑠) on the inner shelf off Perth of 2.0 m 

and a mean wave period (𝑇𝑚) of 8.8 s. However, large seasonal fluctuations in 

the wave climate were observed. The prevailing sea breeze systems during 

summer generated waves with 𝐻𝑠 between 1 and 2 m and 𝑇𝑚 of less than 8 s. 

During winter, frequent storms generated larger waves with 𝐻𝑠 between 1.5 and 

2.5 m and 𝑇𝑚 larger than 8 s (Lemm et al., 1999; Li et al., 2011). Offshore, the 

annual mean 𝐻𝑠 between 1970 and 2009 was 2-3.5 m with a mean 𝑇𝑝 of 12-13 s 

(Bosserelle et al., 2012). The offshore extreme wave heights for an annual 

recurrence interval of 100 years range between 9.0 m and 10.3 m (Li et al., 

2012). 

 

4.3.2 Climate indices 

Understanding regional atmospheric circulation patterns, and their link to the 

wave climate, is important for understanding regional wave climate variability as 

well as current and future trends. The variability of the atmospheric circulation 

patterns can be described by different climate indices. For the SWWA region the 

relevant climate indices include: the Southern Oscillation Index (SOI); the Indian 

Ocean Dipole (IOD); the Southern Annular Mode (SAM); and the Subtropical 

Ridge Position (STRP) which have been previously linked to the SWWA and 

Southern Indian Ocean wave climate (Bosserelle et al., 2012; Hemer, 2010; 

Hemer et al., 2010; Li et al., 2011; Reguero et al., 2015).  
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4.3.2.1 SOI 

The Southern Oscillation Index (SOI) reflects the quasi-periodic fluctuation of 

the El Niño/Southern Oscillation (ENSO) across the Indo-Pacific region. In 

addition to being a major indicator for climate in the Pacific, ENSO has also 

been linked to wave climates in the Northern Atlantic (Bromirski and Cayan, 

2015), Southern Ocean (Bosserelle et al., 2012), and around Australia (Mortlock 

and Goodwin, 2016). The SOI is based on the normalised mean sea level 

pressure difference between Darwin and Tahiti (Chen, 1982; Ropelewski and 

Jones, 1987). The SOI is associated with fluctuations in atmospheric pressure, 

rainfall, and circulation (Power et al., 1999; Rasmusson and Wallace, 1983; 

Ropelewski and Halpert, 1987) and El Niño conditions may be linked to the 

SWWA rainfall, ocean currents, and mean sea level (Chiew et al., 1998; 

Pattiaratchi and Buchan, 1991; Ropelewski and Halpert, 1987; Telcik and 

Pattiaratchi, 2014). A negative SOI is associated with a decrease in Pacific trade 

winds, whereas a positive SOI is associated with enhanced trade winds. The 

fluctuation of the SOI is partially responsible for the variability of SO and Indian 

Ocean wave climate with the relationship being particularly strong in austral 

summer months (Hemer et al., 2010; Li et al., 2011; Reguero et al., 2015). 

 

4.3.2.2 DMI and IOSD 

The Indian Ocean Dipole (IOD) is defined by an anomalous sea surface 

temperature gradient between the western Indian Ocean and in the eastern Indian 

Ocean, south of Indonesia, with implications for the entire Indian Ocean 

atmospheric circulation (e.g. Cai et al. 2011). The phase and strength of the IOD 

is described by the Dipole Mode Index (DMI) (Saji et al., 1999). A positive DMI 

is defined by warm sea surface temperature anomalies in the western Indian 

Ocean relative to the eastern Indian Ocean and is accompanied by easterly wind 

anomalies, a reduction of high-frequency synoptic storm events and decreased 

rainfall in Western Australia (Weller et al., 2012). In contrast, a negative DMI is 

defined by cooler sea surface temperatures in the western Indian Ocean, resulting 

in enhanced westerly winds and rainfall in northern and southern, and 

southeastern Australia. In southwestern Australia, the relationship is less clear 

(Cai et al., 2012b, 2011b). Another important climate mode in the Indian Ocean 
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is the Indian Ocean subtropical dipole (IOSD). A positive phase of the IOSD is 

associated with negative (positive) sea surface temperature anomalies in the 

northeastern (southwestern) part of the Indian Ocean (Behera and Yamagata, 

2001; Yamagami and Tozuka, 2014). A positive IOSD has been associated with 

enhanced precipitation in southeastern Africa (Suzuki, 2004). The SST anomaly 

poles described by the IOSD showed no clear relationship with SWWA in this 

study, however, England et al. (2006) identified different SST poles 

corresponding to SWWA rainfall. 

 

4.3.2.3 SAM 

The Southern Annular Mode (SAM) is the zonally symmetric mode of variability 

in the Southern Hemisphere. It is characterised by an oscillation of atmospheric 

masses between 45°S and 60°S (Gillett et al., 2006; Kwok and Comiso, 2002; 

Marshall, 2003). The SAM describes the variability of the Southern Hemisphere 

(SH) zonal circulation and has been shown to be closely related to the Southern 

Hemisphere wave climate (Reguero et al., 2015). A positive SAM is associated 

with a southerly shift in the SO storm belt. This results in reduced westerly 

winds north of 40°S and enhanced westerlies over the Antarctic Zone, as well as 

enhanced easterly winds in the Subtropical Zone (Kidson, 1988; Lefebvre et al., 

2004; Lovenduski, 2005; Thompson and Wallace, 2000). As a result of the 

southward shift of the westerly storm track, a positive SAM is generally 

associated with dry and stable weather conditions in southern Australia, New 

Zealand and South America (Gillett et al., 2006; Hendon et al., 2007; Meneghini 

et al., 2007; Raut et al., 2014). Furthermore, the southward shift of the storm 

track leads to a decrease in Southern Indian Ocean wave heights, whereas a 

northward shift in the storm belt results in increased wave heights (Hemer, 2010; 

Hemer et al., 2010). The SAM anomalies are zonally variable in Austral winter, 

and zonally symmetric and more stable in summer due to land-sea distribution 

and topography in the southern hemisphere (Connolley, 1997; Karoly, 1989; 

Kidson, 1988; Rogers and van Loon, 1982). Since the 1970s a positive trend in 

the SAM has been observed involving the intensification of the polar vortex and 

an increase in high-pressure systems over southern Australia. The trend is 

seasonally variable and particularly apparent during summer (Marshall, 2003). 
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The trend has resulted in a reduction of cold westerly fronts and associated 

coastal rainfall in winter, leading to a multi-decadal drought, alongside a 

decrease in wave heights along Australia’s southern coastline (Arblaster and 

Meehl, 2006; Cai and Cowan, 2006; Hemer et al., 2010; Meneghini et al., 2007; 

Raut et al., 2014). Bosserelle et al. (2011) found a positive trend in the mean 

wave heights between 1970 and 2009 in the Southern Indian Ocean, which they 

related to an intensification of the Southern Indian Ocean storm belt. However, 

the associated southward shift of the storm belt countered the increase in the 

swell wave heights reaching the SWWA coast. 

 

4.3.2.4 STRP and STRI 

Whilst the high latitudes in the Southern Ocean are dominated by low pressure 

systems, the mid-latitudes of the Southern Hemisphere (e.g. SWWA) are 

dominated by a band of high-pressure, also known as the subtropical high-

pressure ridge, which forms due to the descending arm of the Hadley circulation 

(Cai et al., 2011b; Larsen and Nicholls, 2009; Lucas et al., 2013). Like the SO 

storm belt, the subtropical ridge varies in latitude (STRP) and strength (STRI) 

and the north-south shift of the STRP is responsible for changes in zonal 

westerly winds (Pittock, 1973; Thresher, 2002; Williams and Stone, 2009). The 

SAM and the STRP are therefore closely connected, as a southward shift of the 

SO storm belt coincides with the southward shift of the STRP (Williams and 

Stone, 2009). The STRP has been shown to play an important role in SWWA 

climate (Cai et al., 2011b; Deacon, 1953; Pittock, 1973). During autumn and 

winter the STRP shifts poleward and during spring and summer equator-ward 

(Drosdowsky, 2005; Pittock, 1973). When the STRP is located further south (e.g. 

in summer and autumn), SWWA experiences high-pressure systems that block 

westerly fronts from the SO from reaching SWWA. During those times SWWA 

is exposed to the northern edge of anti-cyclones resulting in easterly offshore 

winds. In turn, the northward movement of the STRP (e.g. in winter and spring) 

causes the region to experience the southern portion of anti-cyclones and allows 

westerly fronts from the SO to impact SWWA, resulting in enhanced westerly 

winds. Recent studies have started focusing on the intensity of the subtropical 

ridge, in addition to the latitudinal position. Timbal and Drosdowsky (2013) 
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found a larger correlation between SWWA rainfall and the STRI than between 

SWWA rainfall and the STRP. Between 1900 and 2009, the STRP has shifted 

mostly southerly between April and November with statistically significant 

trends in April and June. In other months, a northward trend was found with the 

only statistically significant trend in February. Over the same time period, the 

annual mean STRI, has been increasing, with the largest changes in MSLP 

during winter months. The long-term changes in the STRI have been linked to 

changes in rainfall in southern Australia (Cai et al., 2011b). 
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4.4 Methodology 

4.4.1 Wave model (SWAN) 

The wave climate was estimated through a 21-year wave hindcast (1994-2014) 

using the third generation wave model SWAN (Simulating WAves Nearshore) 

(version 40.91). The model is designed to solve the spectral action balance 

equation without restrictions on the spectrum for the evolution of wave growth. 

Third generation wave models are Eulerian formulations of the discrete action 

balance equation (Booij et al., 1999). The action balance equation can be written 

in spherical coordinates: 

 

𝛿�̃�

𝛿𝑡
+
𝛿𝑐𝜆�̃�

𝛿𝜆
+
𝛿𝑐𝜑�̃�

𝛿𝜑
+
𝛿𝑐𝜎�̃�

𝛿𝜎
+
𝛿𝑐𝜃�̃�

𝛿𝜃
=

𝑆𝑡𝑜𝑡

𝜎
     (4.1) 

 

where �̃� is the action density with respect to longitude 𝜆 and latitude 𝜑, 𝜃 is the 

wave direction taken counterclockwise from geographic east, 𝑐𝜆 and 𝑐𝜑 are the 

wave propagation velocities in geographic space and 𝑐𝜎 and 𝑐𝜃  are the 

propagation velocities in spectral space. The left hand side of the action balance 

equation is the local time rate of change of wave energy, the change of wave 

frequency (Doppler shifting), and the depth- and current-induced change of 

direction (wave refraction) (Komen et al., 1994; The SWAN team, 2011).  

 

The model included a logarithmically scaled wave frequency range with 40 

bands from 0.04 Hz to 1.0 Hz and 36 directional bands (10 degree resolution). 

The domain (Figure 4.1) included the nearshore and offshore waters of SWWA 

(from 29.7° S to 35.89° S and from 109.12° E to 115.82° E) and was setup with a 

curvilinear grid with a grid spacing of 0.011° by 0.007° (~1 km). The bathymetry 

data were obtained from high resolution (~250 m by ~250 m) Geoscience 

Australia bathymetry data (Whiteway, 2009) blended with high-resolution (<100 

m) Lidar and multi-beam survey data and water depths shallower than 10 m were 

set to 10 m. The model was forced with 6-hourly incident wave data at the 

boundaries from the European Centre for Medium Range Weather Forecasts 

(ECMWF) ERA-Interim reanalysis (Dee et al., 2011). Wind forcing was also 

obtained from the ECMWF ERA-Interim reanalysis dataset and the model was 
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forced with 3-hourly 10 m wind speed and direction at a spatial resolution of 

0.75° bilinearly interpolated onto 0.125°. The ECMWF wave and wind datasets 

have previously been used successfully, to evaluate wave climates and trends in 

other regions of the world (e.g. Gallagher et al. 2014). The climate forecast 

system reanalysis (CFSR) often used as wind forcing in regional wave models 

was unsuitable for this study due to inconsistencies between CFSR (1979 – 

2011) and CFSRv2 (2012 – present) (Saha et al., 2014, 2010).  

 

The wave model was run for the time span from 1994 to 2014, to coincide with 

available wave buoy observations (Table 4.1). Hourly wave parameters 

(significant wave height 𝐻𝑠, peak period 𝑇𝑝, and peak direction 𝜃𝑝), as well as 

daily averages of the directional energy spectra were output at the locations of 

the wave buoys and 6-hourly model outputs were stored for standard wave 

parameters such as 𝐻𝑠, 𝑇𝑝, and 𝜃𝑝. Waves with 𝑇𝑝 < 8𝑠 were considered locally 

wind generated waves and waves with 𝑇𝑝 > 8𝑠 were considered swell waves. 

 

 

Table 4.1 Location, water depths, and deployment periods of Jurien Bay, 

Rottnest Island, and Cape Naturaliste wave buoys and location and deployment 

period of the Hillarys Wind Gauge (Figure 4.1). 

Wave buoy Latitude Longitude Water 

depth (m) 

Time span 

𝑯𝒔 & 𝑻𝒑 𝜽𝒑 

Jurien Bay WB 30.292°S 114.914°E 42 1999 - 2014 2010 - 2014 

Rottnest Island 

WB 

32.094°S 115.408°E 48 1994 - 2014 2005 - 2014 

Cape 

Naturaliste WB 

33.535°S 114.764°E 50 2005 - 2014 2011 - 2014 

Wind gauge Latitude Longitude Station 

height (m) 

Wind speed Wind 

direction 

Hillarys Wind 

Gauge 

31.83°S 115.74°E 1 1994 - 2014 1994 - 2014 

Rottnest Island 

Wind Gauge 

32.01°S 115.50°E 43.1 1995 - 2012 1995 - 2012 
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4.4.2 Model output analysis 

To validate the model, hourly time series of 𝐻𝑠, 𝑇𝑝 and 𝜃𝑝 at the three wave buoy 

locations (Figure 4.1) were extracted. The daily mean of the directional energy 

spectrum at the location of the wave buoys was calculated in order to gain further 

insight on the wave energy distribution across the frequency range. In addition to 

the localised point-based output, six-hourly 𝐻𝑠 , 𝑇𝑝, and 𝜃𝑝  fields of the whole 

domain were output to examine the spatial variability in the SWWA wave 

climate. 

 

Seasonal and annual means of all results were calculated. The seasonal 

variability of the wave climate was estimated by averaging the standard deviation 

of the monthly means of the significant wave heights of each year over the entire 

period. The inter-annual variability was determined by calculating the standard 

deviation of the annual mean significant wave height. 

 

To investigate the mean wave climate, the annual and seasonal mean wave power 

𝑃 was obtained from the SWAN model. The wave power is given as 

 

𝑃 = 𝜌𝑔∫ ∫ 𝑐𝐸(𝜎, 𝜃)𝑑𝜎 𝑑𝜃        (4.2)  

 

where 𝜌 is the water density, 𝑔 is the acceleration due to gravity, 𝑐 is the wave 

celerity and 𝐸(𝜎, 𝜃) is the energy density spectrum (The SWAN team, 2011). 

 

The trend of the significant wave height was determined by performing a linear 

regression analysis of the monthly means and the seasonal trend was calculated 

by performing a linear regression analysis of the seasonal means of each year. 

The austral summer was defined as December, January, and February (DJF), 

autumn as March, April, and May (MAM), winter as June, July, and August 

(JJA), and spring as September, October, and November (SON). 

 

4.4.3 Storm waves 

Large storm waves can have significant impacts at the shoreline, therefore, a 
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fine-scale numerical model (section 4.4.1) was used to identify and analyse 

individual storm events and associated large wave events. Site specific wave 

heights commonly used as a threshold to define large storm events include 𝐻𝑠 >

1.5 𝑚 (Dolan and Davis, 1992), 𝐻𝑠 > 4.0 𝑚 (Lemm et al., 1999), 𝐻𝑠 > 7.0 𝑚 

(Bosserelle et al., 2012) depending on location. Generally, a value is chosen that 

corresponds to a low percentage of exceedance such as the 90th percentile wave 

height (𝐻90) (Bosserelle et al., 2012). However, in a large spatial domain, or a 

domain with a large spatial variability in wave heights, this leads to a problem as 

some areas in a domain might be exposed to larger wave heights than other 

regions. Therefore, a single threshold may not be able to identify all storm events 

across the whole region. This is particularly important in the study region 

(section 4.3.1), as offshore islands and reefs attenuate the incoming swell waves. 

In this study, a statistical approach was used to identify storm wave events by 

setting the threshold for each grid point independently as the mean wave height 

plus two standard deviations (Li et al., 2009; Zhang et al., 2000). To be classified 

as a storm, the significant wave height had to exceed the threshold. Once the 

significant wave height was below the threshold for more than 12 hours, the 

storm event was considered to be complete (Lemm et al., 1999).  

 

4.4.4 Climate indices 

The relationship between the wave climate and the SOI, DMI, IOSD, SAM, 

STRP, and STRI were determined by calculating the correlation coefficients 

between the climate indices and the simulated significant wave heights. The SOI 

values were obtained from the NOAA/CPC website (NOAA/CPC, 2016). The 

IOSD was obtained from Behera and Yamagata (2001) and the DMI was 

downloaded from the NOAA/OOPC website (NOAA/OOPC, 2016). The SAM is 

calculated as the normalized difference between the zonal mean sea level 

pressure (MSLP) at 40°S and 65°S (Gong and Wang, 1999; Marshall, 2003). The 

Marshall-SAM index, taken from the British Antarctic Survey (Marshall, 2015) 

and derived from station observations was used to investigate the relationship 

between SWWA wave climate and the SH zonal circulation. Meneghini et al. 

(2007) found that an Australian regional index better explained SWWA rainfall 

variability compared to the entire SH version since it accounted for some of the 
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zonal asymmetry of the SAM in the mid latitudes. Motivated by this, more 

localised indices were calculated in the same way using monthly mean 2.5° 

resolution ERA-Interim MSLP. Meneghini et al. (2007) used the zonal mean 

MSLP between 90° and 180°E. The equivalent Australian index was calculated 

but it was found that an Indian Ocean SAM (IO-SAM) between 20° and 155°E, 

and a local SAM index (WA-SAM) between 90° and 115°E were more 

appropriate to study the response of the SWWA wave climate to changes in SIO 

synoptic patterns. 

 

The monthly STRP, used in this study, is the mean position of the subtropical 

high-pressure ridge, which varies seasonally and inter-annually. Previous studies 

used the area of 10°-44°S and 145°-150°E to calculate the STRP for the east 

coast of Australia to study rainfall (Cai et al., 2011b; Drosdowsky, 2005). In this 

study, the equivalent index was calculated for the west coast using 0.75° 

ECMWF ERA-Interim mean sea level pressure (MSLP) data over a bounding 

area of 108°-112°E and 10°-44°S (Figure 4.2). The STRP is given as the monthly 

mean latitude of the maximum MSLP within the defined area. The bounding box 

extended the latitudinal range of the subtropical high-pressure ridge. The 

offshore location was chosen to capture pressure systems approaching from the 

west. The monthly STRP anomaly and the seasonal STRP anomaly were 

calculated as the deviation from the 1994-2014 climatology. The contrast of a 

positive STRP anomaly (August 1996) and a negative STRP anomaly (August 

2010) is shown in Figure 4.2. Since the focus of this study was seasonal and 

inter-annual variability, short-term variability of climate indices and wave 

climate (time spans of < 1 month) were not considered, even though significant 

short-term changes can occur. The STR intensity (STRI) was calculated as the 

corresponding monthly mean of the MSLP associated with the STRP and the 

STRI anomaly was calculated as the deviation from the monthly STRI 

climatology. All climate indices used in this study are shown in Figure 4.3. 
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Figure 4.2 Monthly mean sea level pressure (MSLP) and mean wind direction 

over the eastern Indian Ocean. (a) August 1996; and (b) August 2010 obtained 

from the ECMWF ERA-Interim dataset. The subtropical ridge position (STRP) 

was estimated as the latitude of the monthly maximum MSLP within a 

predefined area (shown as the grey box off Western Australia). The subtropical 

ridge was located further north than average in August 1996 (positive STRP 

anomaly) and further south than average in August 2010 (negative STRP 

anomaly). 
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Figure 4.3 (a) Southern Oscillation Index (SOI), (b) Indian Ocean Dipole Mode 

Index (DMI), (c) Indian Ocean Subtropical Dipole (IOSD), (d) Marshall 

Southern Annular Mode (SAM), (e) Indian Ocean SAM (IO-SAM), (f) Western 

Australian SAM (WA-SAM), (g) latitudinal position of the subtropical ridge 

(STRP), (h) subtropical ridge intensity (STRI), (i) STRP anomaly, and (j) STRP 

anomaly. 
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4.5 Model validation 

Wind speed and direction obtained from ECMWF ERA-Interim were compared 

to observations at Hillarys Boat Harbour (for the years 1994 to 2014) and 

Rottnest Island (for the years 1995 to 2012) (Figure 4.1; Table 4.1). For both 

locations, the 10 m wind fields from the nearest points on the ECMWF ERA-

Interim grid were compared to observed wind speeds adjusted to 10 m height 

using a logarithmic wind power profile based on the power laws for estimates of 

wind power potential, 

 

𝑈

𝑈𝑟
= (

𝑧

𝑧𝑟
)
𝛼

         (4.3) 

 

where 𝑈/𝑈𝑟  is the ratio of wind speed at height 𝑧  to the wind speed at a 

reference height 𝑧𝑟 and the exponent 𝛼 is 1/7 (Peterson and Hennessey, 1978). 

 

Overall, the predicted ECMWF ERA-Interim wind fields compared well to the 

observations (Table 4.2). While the ECMWF wind fields were accurate in 

predicting the wind direction (model skill 0.8; Table 4.2) at both Hillarys and 

Rottnest Island, a slightly larger spread was found when comparing modelled 

wind velocities to observations (model skill 0.6 and RMSE 1.8 -2.3 m/s; Table 

4.2). The wind speeds were better resolved offshore (Rottnest Island) compared 

to inland (Hillarys) due to the lack of complex topography offshore. Overall, 

peak wind velocities were generally slightly underestimated by the ECMWF 

ERA-Interim dataset (Rascle and Ardhuin, 2013), however, the error was 

considered tolerable for calculating the mean wave conditions used in this study. 

Another issue with the relatively coarse (spatially and temporally) wind data was 

that the model under represented the SWWA sea breeze system. While the 

overall wave climate is generally dominated by more distant winds and broader 

scale synoptic patterns, nearshore wind-waves are therefore likely to be 

underestimated by the model. Future studies could include high-resolution 

downscaling of wind forcing data to better resolve coastal winds and the sea 

breeze system (e.g. Gallagher et al., 2016). 
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Table 4.2 Validation of the ECMWF ERA-Interim wind fields against wind 

observations from a weather station at Hillarys Boat Harbour and Rottnest Island 

(Table 4.1). 

 R RMSE NRMSE Skill 

Hillarys Wind Speed 0.6 2.3 m/s 8.1 % 0.6 

Hillarys Wind 

Direction 

0.8 29.7° - 0.8 

Rottnest Wind Speed 0.7 1.8 m/s 8.7 % 0.6 

Rottnest Wind 

Direction 

0.9 23.8° - 0.8 

 

The wave model output was validated against long-term measurements from 

three waverider buoys (Figure 4.1). The locations and water depths of the wave 

buoys, as well as deployment times are given in Table 4.1. All wave buoys were 

moored in intermediate water depths between 40 and 60 m. The model 

reproduced the wave heights, periods, and directions well, as seen in a relatively 

narrow spread in the scatter plots, indicating a good agreement between model 

and observations (Figure 4.4). The correlation coefficient (R), the root mean 

square error (RMSE), the normalised RMSE (NRMSE), the model bias, and the 

model skill (Jelesnianski, 1965; Willmott et al., 2012) were calculated for each 

site for 𝐻𝑠, 𝑇𝑃, and 𝜃𝑝. The model Skill is given as  

 

𝑆𝑘𝑖𝑙𝑙 =

{
 
 

 
 1 −

∑|𝑋𝑚𝑜𝑑𝑒𝑙−𝑋𝑜𝑏𝑠|

2 ∑|𝑋𝑜𝑏𝑠−𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅|
, 𝑤ℎ𝑒𝑛

∑|𝑋𝑚𝑜𝑑𝑒𝑙 − 𝑋𝑜𝑏𝑠| ≤ 2 ∑|𝑋𝑜𝑏𝑠 − 𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ |
2 ∑|𝑋𝑜𝑏𝑠−𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅|

∑|𝑋𝑚𝑜𝑑𝑒𝑙−𝑋𝑜𝑏𝑠|
− 1 , 𝑤ℎ𝑒𝑛

∑|𝑋𝑚𝑜𝑑𝑒𝑙 − 𝑋𝑜𝑏𝑠| > 2 ∑|𝑋𝑜𝑏𝑠 − 𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ |

    (4.4) 

 

where 𝑋𝑚𝑜𝑑𝑒𝑙 are the simulated values and 𝑋𝑜𝑏𝑠 are the observed values of 𝐻𝑠 

and 𝑇𝑝 respectively. A skill of 1 represents a perfect fit, whereas 0 represents no 

relationship between model and observations. The RMSE of the significant wave 

height, averaged over the three stations was 0.42 m and the NRMSE averaged 

over all stations was 5.7 %. The average correlation coefficient was 0.9 with an 

average model skill of 0.76 and a bias of -0.13 (Table 4.3). 
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Table 4.3 Validation of the wave model against measurements from the three 

wave buoys. Correlation coefficients (R), Root-mean-square-error (RMSE), 

normalised RMSE, model skill, and bias were determined for different wave 

parameters. A scatter plot of model against observations is provided in Figure 

4.3. 

  Jurien Bay Rottnest Island Cape Naturaliste 

𝑯
𝒔
 

R [-] 0.88 0.90 0.92 

RMSE [m] 0.44 0.40 0.42 

NRMSE [%] 6.57 5.03 5.52 

Skill [-] 0.71 0.78 0.79 

Bias [m] -0.20 -0.06 -0.12 

𝑻
𝒑
 

R [-] 0.69 0.67 0.70 

RMSE [s] 1.71 1.77 1.56 

Skill [-] 0.64 0.63 0.64 

Bias [s] -0.03 -0.29 -0.01 

𝜽
𝒑
 R [-] 0.57 0.53 0.59 

RMSE [°] 12.02 14.41 12.71 

Bias [°] 5.10 10.35 4.99 

 

 

The spread of 𝑇𝑝 and 𝜃𝑝 was larger than spread of 𝐻𝑠 due to the limitations in 

directional and frequency resolution in the model. A slight underestimation of 

extreme wave conditions was observed in all three locations. As the ECMWF 

winds have a frequency of only three hours, the peak of storm events and 

consequentially peak wave and wind events in the global model were under-

predicted (Figure 4.4). This is a common problem in wind-wave models 

(Ardhuin et al., 2009; Bosserelle et al., 2012; Gallagher et al., 2014; Hemer et al., 

2013b; Rascle and Ardhuin, 2013), however, it was considered to be acceptable 

since it mostly affected extreme wave conditions which were not a main focus of 

this study. 
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Figure 4.4 Scatter plot of modeled wave parameters (𝐻𝑠, 𝑇𝑝, and 𝜃𝑝) against observations at (a-c) Jurien Bay, (d-f) Rottnest Island, and 

(g-i) Cape Naturaliste. Statistics of wave parameters are presented in Table 4.3. 
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Figure 4.5 (a) Annual, (b) summer, (c) autumn, (d) winter, and (e) spring mean wave Power [kW/m] and mean wave direction over the 

southwest Western Australian shelf simulated using SWAN. 
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4.6 Results 

4.6.1 Seasonal mean and inter-annual wave climate variability 

The wave climate is closely connected to global atmospheric circulation patterns 

and several studies suggest correlations between the Indian and the SO wave 

climate and the SOI, SAM, and the STRP (Bosserelle et al., 2012; Hemer et al., 

2013c, 2010, Li et al., 2011, 2009; O’Grady et al., 2015). Under these scenarios, 

larger 𝐻𝑠 occur in southern Australia and SWWA when storms in the SO track 

further north, whilst smaller 𝐻𝑠  are experienced when the storm track shifts 

south. Various studies highlight the impact of the position of the subtropical 

ridge on Australia’s regional climate patterns with a northerly shift in the STRP 

corresponding to increased winter rainfall due to the northward track of winter 

cold fronts (Cai et al., 2011b; Drosdowsky, 2005; Harr and Elsberry, 1991; 

Timbal and Drosdowsky, 2013; Williams and Stone, 2009).  

 

As the SO storm belt moved south and intensified (positive SAM, positive STRI 

anomaly, and negative STRP anomaly) the westerlies north of 40°S weakened 

leading to a decrease in westerly swells and overall SWWA wave heights. 

Consequently, a northward movement of the SO storm belt (negative SAM, 

negative STRI anomaly, and positive STRP anomaly) led to an increase in wave 

heights and wave energy around SWWA. In spring and winter, the STRP and the 

SO storm belt moved north, and in summer and autumn the STRP and the SO 

storm belt were located further south. This resulted in an annual signal in both, 

the STRP and STRI (Figures 4.3g & h) and wave energy along SWWA, with 

higher wave energy in spring and winter compared to summer and autumn. 

 

Swell waves that impact SWWA generally originate from the SO resulting in a 

decreasing wave power gradient from south to north and from west to east, with 

the steepest gradient along the shelf edge. The highest wave power occurred 

offshore of Cape Leeuwin and Cape Naturaliste (Figure 4.5). A significant 

amount of wave energy (~55%) was dissipated across the shelf from the 200 m 

isobath to the 15 m isobath. The offshore annual mean wave power was 51.4 

kW/m (standard deviation of 5.2 kW/m) along the 200 m isobath and the 
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nearshore annual mean wave power was 28.0 kW/m (standard deviation of 13.8 

kW/m) along the 15 m isobath (Table 4.4). The wave energy was at a minimum 

during summer and at a maximum during winter (more than twice the summer 

wave energy). The nearshore wave climate (along the 15 m contour) varied 

significantly more than the offshore wave climate (along the 200 m contour) 

since the dissipation of wave energy across the shelf was not consistent along the 

SWWA coastline (Figure 4.5). The lowest wave power therefore occurred in 

sheltered areas east of Rottnest Island and in Geographe Bay (locations are 

shown in Figure 4.1). 

 

 

Table 4.4 Seasonal mean nearshore (offshore) wave power calculated as the 

mean wave power along the 15 m isobath (200 m isobath). The standard 

deviation indicates the spatial variability of the wave power, which is 

significantly larger nearshore compared to offshore. 

 Summer  Autumn  Winter  Spring  Annual  

Nearshore wave power 

[kW/m] 

16.5 ± 8.7 24.6 ± 12.7 40.3 ± 19.1 30.4 ± 14.9 28.0 ± 

13.8 

Offshore wave power 

[kW/m] 

30.7 ± 4.0 45.6 ± 5.2 73.5 ± 6.3 55.7 ± 5.2 51.4 ± 5.2 

Dissipation across 

shelf [%] 

54 54 55 55 54 

 

Annual mean wave heights in deeper water off the shelf ranged from ~3.5 m in 

the south to ~2.9 m in the north. On the shelf, wave heights ranged from ~3 m 

around Cape Naturaliste to <1 m in the sheltered areas of Geographe Bay and the 

Perth metropolitan area (Figure 4.6).  

 

The incident waves offshore generally approached the shelf from the southwest, 

at an angle between 200 and 230°. In summer, the swell was more directed from 

the south-southwest (180-210°) and in winter from the southwest (220-240°). 

During all seasons, as the waves refracted across the shelf the direction changed 

towards a westerly angle (250-280°), perpendicular to the contour lines of the 

seabed. 
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The spatial differences of the wave height variability mainly resulted from the 

steep shelf edge and complex shelf bathymetry including offshore reefs, and 

islands such as Rottnest Island. As swell waves approached from different 

directions, wave energy was unevenly dissipated across the shelf. This led to a 

higher seasonal and inter-annual variability of wave heights in deeper water and 

areas of the reef system. Along the 15 m contour line the seasonal mean wave 

height variability was up to 0.7 m and the inter-annual variability was up to 0.15 

m (Figure 4.6). 

 

 

Figure 4.6 (a) Bathymetry and (b) annual mean 𝐻𝑠  of the southwest Western 

Australian shelf. (c) Annual mean 𝐻𝑠 (blue bar), seasonal (green bar), and inter-

annual variability (red bar). 

 

4.6.2 Relationship to the climate indices 

To quantify the relationship between the climate patterns and the SWWA wave 

climate, the correlation coefficients between climate indices (SOI, DMI, IOSD, 

SAM, STRP, STRP anomaly, STRI, and STRI anomaly) and the monthly mean 
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𝐻𝑠  and mean 𝐻𝑠  anomaly were calculated (Figure 4.7a-j). No significant 

correlation was found between the monthly mean 𝐻𝑠 anomaly and the SOI, DMI, 

and IOSD as indicated by the hatched areas in Figure 4.7. A low correlation 

(correlation coefficients between 0.2 and 0.3 with a 95% confidence) was found 

between the 𝐻𝑠 anomaly and the Marshall SAM (Figure 4.7d). Local indices of 

the SAM featured higher correlations with a correlation coefficient between 0.2 

and 0.5 for the IO-SAM (Figure 4.7e) and a correlation coefficient between 0.4 

and 0.5 for the WA-SAM (Figure 4.7f). 

 

The STRP and the SAM follow similar, seasonal patterns (north and south 

movement). However, the STRP captured the movement of the swell generating 

weather patterns better than the SAM. This can be seen in a much higher 

correlation coefficient (>0.8) between the 𝐻𝑠  and the STRP compared to the 

other indices (Figure 4.7g). A relatively low correlation was found between the 

STRI and the 𝐻𝑠 (0.1 – 0.3, Figure 4.7h) and moderate to high correlations were 

found between the STRP anomaly and the wave height anomaly (0.6 – 0.8, 

Figure 4.7i) and between the STRI anomaly and the wave height anomaly (0.4 – 

0.6, Figure 4.7j). 
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Figure 4.7 Absolute correlation coefficients (irrespective of sign) between the 

significant wave height 𝐻𝑠 and (a) SOI, (b) DMI, (c) IOSD, (d) Marshall SAM, 

(e) IO-SAM, (f) WA-SAM, (g) STRP, (h) STRI, (i) STRP anomaly, and (j) 

STRP anomaly. Hatching represents areas where no significant correlation was 

found. 
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The strong correlation between the STRP and the 𝐻𝑆  can be attributed to the 

strong seasonal cycle. A northward shift of the STRP in winter and spring 

allowed cold fronts with enhanced westerly winds to directly impact SWWA, 

resulting in larger wave heights at the shoreline. In contrast, a southward shift of 

the STRP during summer and autumn resulted in the cold fronts progressing to 

the south of the landmass, leading to decreased wave heights in SWWA. 

However, when removing the seasonal bias, the STRP anomaly still indicated a 

higher correlation than the other indices. An anomaly in STRP generally led to 

an anomaly in wave height, particularly when combined with an STRI anomaly 

of opposite sign (Figure 4.8). When examining the ten most extreme STRP 

anomalies (the five highest and lowest anomalies between 1994 and 2014), they 

coincided with 50% of the extreme wave height anomalies (Figure 4.8). The ten 

most extreme STRI anomalies only coincided with 30% of the extreme wave 

height anomalies, suggesting, that high STRP values are associated with 

circulation patterns that lead to higher wave heights. 

 

When comparing STRP and STRI anomalies against each other, it can be seen 

that the two are correlated (correlation coefficient R=0.66) and positive STRP 

anomalies coincide with negative STRI anomalies. Furthermore, positive STRP 

anomalies, combined with negative STRI anomalies correspond to positive wave 

height anomalies, whereas negative STRP anomalies combined with positive 

STRI anomalies result in negative wave height anomalies (Figure 4.9). 

 

Whilst comparing significant wave heights to climate indices gave a good 

estimation about how the wave climate reacted to changes in the SAM, STRP, 

and STRI it did not provide any information about directional changes or 

changes in period and wave energy. Therefore, the correlation coefficients 

between the SAM, the STRP anomaly, the STRI anomaly and the seasonal mean 

directional wave energy spectrum anomaly were calculated, where the wave 

energy anomaly was given as the deviation from the monthly climatology. A 

negative correlation between the SAM and the STRI and the wave energy 

incident from the west was found (Figure 4.10). A southward movement of the 

SO storm belt (positive SAM and increased STRI) lead to increased easterly 

winds in the subtropical zone. This increase in easterly winds resulted in an 
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increase in wind wave energy (𝑇𝑝 < 8 s) from the east. Meanwhile, the southward 

movement of the storm belt led to a change in swell direction, with prevailing 

swells from the southwest rather than west. The same pattern was present in the 

STRP anomalies. 

 

A positive correlation between waves from the west and the STRP was found 

(Figure 4.10b). The northward movement of the ridge (positive STRP anomaly 

and negative STRI anomaly) allowed westerly fronts to pass closer to the coast 

and therefore, increased onshore winds resulted in increased wave energy from 

the west. In contrast, a negative correlation was found between waves from the 

south and east and the STRP. As the southward movement of the STRP (negative 

STRP anomaly) relates to south easterly winds (offshore), wave energy from the 

east and south was increased. Due to the short wind fetch between the land and 

the Rottnest wave buoy, the periods of waves coming from the east ranged 

between 0 and 5 s whereas the longer fetch of southerly winds generated waves 

with periods between 10 and 15 s (Figure 4.10). 
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Figure 4.8 Monthly mean STRP and STRI anomaly and significant wave height (𝐻𝑠) anomalies at five locations (right box) along the southwest 

Western Australian shelf from 1994 to 2014. The solid arrows indicate the five highest STRP/STRI anomalies and mean 𝐻𝑠 anomalies and the 

white arrows indicate the five lowest STRP/STRI anomalies and mean 𝐻𝑠 anomalies averaged across the five locations. 
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Figure 4.9 Scatter diagram of monthly mean STRP anomaly versus monthly 

mean STRI anomaly. The colour of each circle indicates the monthly mean 𝐻𝑠 

anomaly during each month. 
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Figure 4.10 (a) Correlation coefficients between the SAM and the directional 

wave energy spectrum anomaly at the location of the Rottnest wave buoy. (b) 

Correlation coefficients between the STRP anomaly and the directional wave 

energy spectrum anomaly at the location of the Rottnest wave buoy. (c) 

Correlation coefficients between the STRI anomaly and the directional wave 

energy spectrum anomaly at the location of the Rottnest wave buoy. 

 

4.6.3 Trends in wave heights and local climate indices 

There were no significant overall trends in the monthly STRP (< 0.01°/yr) and 

only a small negative trend in the monthly STRI (-0.02 hPa/yr) over the period of 

model simulations (1994 to 2014). A southward STRP shift in winter (-

0.07°/year), and a northward shift in spring STRP anomaly (+0.05°/year) were 

observed. The largest monthly STRP anomaly shifts occurred in June (-0.15 

°/year), July (-0.09 °/year), and September (+0.08 °/year). The STRP trends in 



Chapter 4 - Results  

  101 

June and July coincided with positive shifts in STRI (+0.11 hPa/yr). The sign of 

the STRI generally coincided with the sign of the shift in WA-SAM, however 

they differed in magnitude (Table 4.5). 

 

Trends in wave heights were calculated for the entire model domain, along the 

15 m isobath, as well as for the 21-year wave observations at Rottnest Island and 

the modeled trends generally matched observations. Annually, no significant 

long-term trends in the predicted and observed wave heights were found between 

1994 and 2014 (𝐻𝑠  trend < 1 cm/year). The largest decrease in wave heights 

occurred during winter (Figure 4.11), and particularly in June and July (Figure 

4.12, Table 4.5). The trend in winter wave heights calculated from observations 

was larger than predicted by the model, and the observed negative trend was 

present from May to August (Table 4.5). 

 

Overall, the trends in 𝐻𝑠  were consistent with the observed trends in climate 

indices: A southward shift in the STRP resulted in a decrease in the mean wave 

heights. This trend was intensified when combined with a decreased STRI and is 

particularly dominant in the winter months (June and July). At the same time, an 

increase in STRP in September without any significant trend in STRI, and a 

strong negative trend in STRI in April without any significant trend in STRP 

resulted in increased wave heights (Table 4.5). This suggests that both, changes 

in position, as well as intensity of the subtropical ridge influenced the mean wave 

heights along the coast. 
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Table 4.5 Monthly trends of the STRP, STRI, WA-SAM, predicted 𝐻𝑠 along the 15 m isobath and monthly trends of observed 𝐻𝑠 at the 

Rottnest Wave Buoy between 1994 and 2014. Red colours indicate a positive trend of ≥ 0.05 for the STRP [°/yr] and WA-SAM [yr-1], 

≥ 0.1 hPa/yr for the STRI, and ≥ +1 cm/year for 𝐻𝑠. The blue colours indicate a negative trend of ≤ 0.05 for the STRP [°/yr] and WA-

SAM [yr-1], ≤ 0.1 hPa/yr for the STRI, and ≤ -1 cm/year for 𝐻𝑠. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

STRP [°/yr] +0.03 -0.05 +0.03 +0.01 -0.02 -0.15 -0.09 -0.01 +0.08 +0.02 +0.03 +0.02 

STRI [hPa/yr] -0.1 -0.01 -0.12 -0.12 -0.01 +0.11 +0.11 -0.04 +0.01 -0.02 -0.4 -0.09 

WA-SAM [year-1] -0.06 +0.02 -0.06 -0.04 +0.01 +0.08 +0.07 -0.05 -0.07 -0.01 -0.01 -0.04 

𝑯𝒔 SWAN [cm/yr] +0.7 -1.2 +0.4 +1.2 -0.1 -1.6 -1.5 -0.3 +1.1 +0.3 +0.1 -0.6 

𝑯𝒔 buoy [cm/yr] +0.4 -1.0 -0.3 +1.0 -1.1 -2.4 -2.2 -1.0 +1.0 +0.2 +0.4 ±0 
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Figure 4.11 Overall trend and seasonal trends in significant wave heights 𝐻𝑠 between 1994 and 2014 across the southwest Western 

Australian shelf. (a) annual, (b) summer  (c) autumn, (d) winter, and (e) spring 𝐻𝑠 trend. 
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Figure 4.12 Monthly trends in significant wave heights 𝐻𝑠  along the 15 m 

isobath of the southwest Western Australian shelf. 

 

 

4.6.4 Large wave events and storm events 

The highest number of storm events (events where the 𝐻𝑠  threshold was 

exceeded) occurred in 1996, 2002, 2007, and 2013. In contrast, the lowest 

number of storms occurred in 2010 followed by 2012, 1994, and 2011. Major 

storms with larger wave heights generally occurred between April and October, 

with June to September being the months with the highest storm count (Figure 

4.13). A high number of moderate storms may increase the monthly mean wave 

height more than a lower number of extreme storms. Therefore, a higher monthly 

mean wave height does not necessarily indicate a higher number of extreme 

storm events.  
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Although there was no apparent trend in overall mean wave heights, the timing 

of storm events changed over the period between 1994 and 2014. In recent years, 

the stormiest months occurred later in the year, shifting from June-August 

towards July-September, with June generally experiencing fewer extreme wave 

events (Figure 4.13). A weak positive correlation between the annual mean 

STRP anomaly and the number of large wave events (0.41), and a weak negative 

correlation between the annual mean STRI anomaly and the number of large 

wave events (-0.32) was found. This indicated an increase in storm events in 

years with northerly STRP and negative STRI anomalies. 

 

The wind field anomalies that corresponded with anomalous wave heights were 

essentially the same as those described by England et al. (2006) in relation to 

SSWA rainfall. These authors proposed that the wind field anomalies associated 

with wet (dry) years could be interpreted as a deceleration (acceleration) of the 

Indian Ocean climatological mean anti-cyclone, and a corresponding 

strengthening (weakening) and northward (southward) shift of the westerly storm 

belt. The composite circulation anomalies were computed based on the 5 largest 

(smallest) wave months (Figure 4.14a & b) instead of wet and dry years and they 

were found to be equivalent to those described by England et al. (2006). 

 

During periods when the subtropical high-pressure ridge weakened and/or shifted 

northward, SWWA experienced the southern flank of the band of anti-cyclones. 

SWWA was therefore directly exposed to SO extra tropical cyclones, resulting in 

more frequent storms and increased wave heights. During the 5 largest 𝐻𝑠 

months, mean westerly winds impacting on SWWA increased by 2-4 m/s and 

these enhanced onshore winds were responsible for the increase in 𝐻𝑠  (Figure 

4.14a). 

 

In contrast, storm activity close to SWWA was supressed when the subtropical 

high-pressure ridge shifted southward, particularly when the high-pressure ridge 

was intensified, and SWWA experienced the northern flank of passing anti-

cyclones with easterly (offshore) winds, and waves with lower 𝐻𝑠 (Figure 4.14b). 

A strong seasonal signal in wave heights was present with larger (smaller) wave 
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heights in winter (summer) due to the seasonal north-southward fluctuation in the 

subtropical ridge and the SO storm belt.   

 

In order to identify the region that had the strongest influence on SWWA wave 

heights, simulated monthly mean 𝐻𝑠  anomalies offshore of Cape Naturaliste 

were correlated with the MSLP anomalies from the entire Southern Hemisphere 

(Figure 4.14c-e). Not surprisingly, a strong negative correlation (R = -0.8) was 

found between 𝐻𝑠 and MSLP anomalies to the southwest of WA, in the region 

corresponding to the centre of the composite cyclonic (anti-cyclonic) circulation 

anomaly described above. This suggested that the wave climate of SWWA is 

most sensitive to synoptic variability in this region, and since the STRP index 

overlaps with this area it can act as a proxy for synoptic conditions associated 

with anomalous wave conditions in SWWA.  

 

 

 

Figure 4.13 Number of storm events, calculated along the 15 m isobath from the 

SWAN model wave height outputs. 
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Figure 4.14 Composite plot of wind anomaly of the five months with the (a) five largest and (b) five smallest significant wave heights. 

Correlations between MSLP anomaly and 𝐻𝑠 anomaly at Cape Naturaliste (c) annually, (d) in winter, and (e) in summer. 
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4.7 Discussion 

Seasonal and inter-annual changes in the southwest Western Australian (SWWA) 

wave climate between 1994 and 2014 were examined through a high-resolution 

wave hindcast. The dominant wave conditions were generated by eastward-

tracking extratropical cyclones between 30°S and 60°S, bounded to the north by 

the subtropical belt of anti-cyclones.  

 

The SWWA climate, and in particular SWWA rainfall, has been shown to be 

associated with the same regional circulation anomalies described in the present 

study. Several attempts have been made to relate these weather patterns to 

regional and global climate features including: the SAM (Cai and Cowan, 2006; 

Gillett et al., 2006), the STRP (Williams and Stone, 2009), the IOD (Ashok et 

al., 2007; England et al., 2006; Smith et al., 2000; Weller et al., 2012), and 

ENSO (Chiew et al., 1998; Telcik and Pattiaratchi, 2014). The regional 

anomalies that control rainfall variability appear to be linked to all of these 

climate modes, the individual contributions of each and predictability was less 

clear. In order to assess the SWWA wave climate relation to large-scale Southern 

Hemisphere climate variability, the relationship between the local wave climate 

and these same climate indices was investigated. 

 

In agreement with previous larger scale wave climate studies (Bosserelle et al., 

2012; Hemer, 2010), the wave conditions were dominated by swell waves 

originating from low pressure systems and associated storm tracks in higher 

latitudes of the Southern Ocean. Bosserelle et al. (2012) examined the latitudes at 

which large wave events propagate and found a correlation to the SAM index. A 

positive SAM is characterised by a southward contraction of the storm tracks 

towards Antarctica and therefore decreased 𝐻𝑠  in SWWA. Large wave height 

(𝐻𝑠) anomalies generally resulted from northward shifting SO depressions and 

enhanced westerly (onshore) winds in the mid latitudes along the SWWA 

coastline (Figure 4.14a). In contrast, smaller anomalies in 𝐻𝑠 occurred when the 

band of westerly winds shifted to the south and the SWWA coastline was 

exposed to the northern edge of the subtropical high-pressure systems and the 

corresponding easterly (offshore) wind anomalies (Figure 4.14b). Consistent 
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with previous studies (e.g. Hemer et al. 2009; Reguero et al. 2015), a negative 

correlation between the SAM and the wave climate was found, however, regional 

circulation patterns – mostly related to an area of anomalous low/high pressure to 

the south and west of Australia (Figure 4.14) – suggested that conditions causing 

large/small waves were not zonally symmetric. 

 

Local SAM indices for the Indian Ocean and Western Australia showed higher 

correlations with the wave climate compared to the Marshall SAM. However, 

even for the local SAM indices the correlation was only moderate, indicating that 

the atmospheric variability controlling the wave climate was not entirely 

captured by the SAM indices. Although the presence of anomalous cyclonic/anti-

cyclonic circulation to the southwest of Australia – westerly/easterly wind 

anomalies around 40°S and opposite anomalies at higher latitudes (Figure 4.14a 

& b) – is consistent with Southern Annular Mode variability, correlations 

between Cape Naturaliste wave height anomalies and Southern Hemisphere 

MSLP showed some differences (Figure 4.14c-e). Wave height anomalies were 

strongly correlated with MSLP southwest of Australia around 40°S, but the 

corresponding positive correlation around 65°S was much weaker (R ~0.2) 

(Figure 4.14c & d). When only summer months were considered, positive 

pressure anomalies over the polar region almost completely disappeared (Figure 

4.14e).  

 

A significantly higher correlation was found between the position and intensity 

of the subtropical ridge (STRP/STRI) and the wave climate as compared to the 

SAM index. Similar to the SAM, a southward movement of the STRP results in 

decreased 𝐻𝑠 and vice versa. However, as opposed to the SAM being an index 

for the entire SO that also considers pressure at polar latitudes, the STRP and the 

STRI are regional climate indices capturing the atmospheric fluctuations directly 

offshore of SWWA. The STRP and STRI anomalies therefore reflected the 

regional forcing for the SWWA wave climate better than the other indices as 

shown by a much higher correlation between the STRP/STRI anomaly and 𝐻𝑠. 

When assessing future wave climate and longer-term trends, the STRP and the 

STRI are therefore better indicators for regional changes in the SWWA wave 

regime than other large-scale indices. Although this approach does not offer a 



Chapter 4 - Discussion 

  110 

direct explanation for the dynamics that drive longer-term changes in the wave 

climate, the STRP/STRI can still serve as a useful tool to bridge between local 

effect and more remote climate modes (Cai et al., 2011b). 

 

Extreme events (larger and smaller wave height anomalies) appear to be 

analogous to the conditions describing rainfall variability in SWWA. Wet years 

with increased rainfall were dominated by cyclonic atmospheric conditions over 

SWWA (e.g. Smith et al. 2000; Raut et al. 2014) and therefore corresponded to 

years with big waves. In contrast, drier years were dominated by intensified anti-

cyclones and therefore corresponded to years with smaller waves. The composite 

anomaly of MSLP and winds based on anomalous waves shown in Figure 4.14 

features the same regional anomalous synoptic conditions that drive rainfall 

(England et al., 2006). This is not surprising as the storms that cause winter 

rainfall in SWWA are the same as those that generate waves in SWWA (England 

et al., 2006; Raut et al., 2014). Feng et al. (2010) argued that the relationship 

between SAM and SWWA rainfall was sensitive to including anomalous rainfall 

years, citing a similar feature where rainfall depended on more localised low 

pressure and less so on corresponding high pressure at high latitudes typically 

explained by the SAM. Recent positive SAM events and lower winter rainfall 

have provided more evidence that SWWA rainfall is indeed influenced by SAM, 

with non-linear impacts such that a small positive shift in SAM can cause a large 

reduction in rainfall (Cai et al., 2011a) (and in the present case 𝐻𝑠). Although the 

meridional migration of the storm belt appears to be the dominant mechanism 

controlling the SWWA wave climate, and that the SAM provided a reasonable 

proxy, indices that include the local MSLP anomalies better explained SWWA 

wave conditions. The STRP appeared to best capture the SWWA atmospheric 

circulation anomalies and may therefore be a useful tool for future studies that 

will hopefully reveal dynamics and remote forcing that drive the changes, and 

ultimately lead to better understanding and predictions of the SWWA wave 

climate, rainfall, and other climate impacts. 

 

When examining the links between the other climate indices to the SWWA wave 

heights, there was no correlation between the SOI, the DMI, and the IOSD and 

the wave climate. Previous studies found a correlation between the monthly and 
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seasonal SOI and SO wave climate (Hemer, 2010; Reguero et al., 2015), 

however, these studies showed that the correlation is spatially variable across the 

Southern Hemisphere and generally quite low in Western Australia. Li et al. 

(2011) investigated the relationship between the SOI and the storm wave climate 

around Rottnest Island using annual means. The authors found a good agreement 

between annual storminess and the annual mean SOI, however, monthly or 

seasonal means and correlations were not examined. The results show no 

evidence of influence of the ENSO, the IOD, or the IOSD, on short-term and 

seasonal fluctuations in the SWWA local wave climate. Other studies have found 

relationships between ENSO, IOD, and southern Australian rainfall, however, 

most studies focus on southeast Australia (e.g. Ashok et al., 2007; Cai et al., 

2012a, 2012b). While some studies do attempt to relate Western Australian 

rainfall to the IOD and ENSO (e.g. Raut et al., 2014; Weller et al., 2012), these 

relationships are generally quite weak, non-linear, and/or only linked to certain 

seasons, and therefore still relatively little understood. 

 

The years 1996, 2007, and 2013 featured some of the largest monthly mean wave 

heights and the highest number of storms resulting in large incident waves. The 

year 2014 on the other hand, featured multiple months (May – October) with 

moderate mean wave heights and a comparatively low number of big storms. The 

consistency of moderate storms led to a higher annual and winter mean 𝐻𝑠 than 

in 2013. These features were well reflected in monthly, as well as annual STRP 

means. At the same time, 2010 is generally considered as the year with the 

lowest mean wave heights and storms.  Again, this was reflected in a negative 

STRP anomaly, making the STRP not only useful when estimating the SWWA 

wave climate, but also storminess. Big and stormy wave conditions can be 

expected when more frequent and/or intense cyclones reach nearer the coast, 

whereas calm and small wave conditions are experienced when the southeast 

Indian Ocean is dominated by anti-cyclones. 

 

When examining longer-term trends, 21 years are generally considered too short 

to make valid assumptions about long-term climate trends (IPCC, 2007). 

However, the strong relationship between the wave height and the SAM, and, 

even more the STRP make it possible to investigate annual and seasonal shifts. A 
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clear southward shift of SO storm belt and the STRP over the entire Southern 

Hemisphere over the past decades has been observed by previous studies (Fogt et 

al., 2009; Hemer, 2010; Marshall, 2003; Raut et al., 2014; Young et al., 2011). 

Furthermore, studies have shown that expansion of the global tropics of ~1-3° 

latitude/decade has occurred since 1979 (Lucas et al., 2013), however, the 

authors emphasize the lack of information on the symmetry of the expansion. 

When investigating the trends of the circulation intensity, results varied amongst 

different studies. If this trend is true, and the tropics are expanding thus pushing 

the subtropical ridge and the SO storm belt further south, a general decline in 

wave heights in SWWA could be expected. 

 

In the regionally calculated STRP index, no significant trend has been found and 

a slight negative trend was found in the STRI suggesting that the high-pressure 

systems did not significantly shift in latitude over the observed time period but 

intensified slightly. Possible reasons for the lack of a dominant trend in position 

may be the either the limited time span (1994 – 2014), or the potential 

asymmetry in the tropical expansion (see above). 

 

Consequently, no significant annual trend in wave heights was found over the 

period between 1994 and 2014 in SWWA. This may appear to be an unexpected 

result considering a southward movement of the SO storm belt as observed by 

other studies generally resulted in decreased wave heights; the results presented 

here are consistent with other findings: Reguero et al. (2015) found a slight 

positive trend in wave power in the Southern Indian Ocean between 1981 and 

2008 and Bosserelle et al. (2011) found a positive trend in wave heights in the 

Southern Indian Ocean between 1970 and 2009, but no significant trend in the 

SWWA shelf area. Young et al. (2011) investigated global trends in wind speed 

and wave heights between 1985 and 2008, and found an increase in wind speeds 

of ~1% per year and an increase in wave heights of ~0-0.5% per year around 

SWWA. Whilst the overall southward movement of the SO storm belt resulted in 

a reduction of storm systems directly impacting SWWA and therefore reduced 

coastal rainfall and westerly cold fronts (Cai and Cowan, 2006; Raut et al., 

2014), the intensification of the SO storm belt increased the intensity of SO 

storms and consequently 𝐻𝑠 in the SO (Hemer, 2010). Bosserelle et al. (2012) 
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suggested that the intensification of SO storms was balanced by a southward 

shift in storm tracks. The results from this study suggest that the SWWA wave 

climate is dominated by the position and intensity of the high-pressure ridge as 

the position of the anti-cyclones influenced the impact of the SO storms on the 

SWWA coastline. A lack of significant trend of the STRP has therefore resulted 

in a lack of trend in 𝐻𝑠. 

 

Over the period of this study, the winter STRP has shifted southward whilst the 

STRI intensified, resulting in an overall southward shift of the swell generating 

storm systems in the Southern Ocean. This resulted in a decrease in winter wave 

heights. The biggest reduction in mean 𝐻𝑠  was found in June and July, along 

with a decrease in major storm events (Table 4.5). In April and September, an 

increase in wave heights was observed, indicating winter becoming a more 

moderate season and autumn and spring becoming seasons with increased storm 

events. Future studies should examine and quantify the changes in seasonality 

more thoroughly, for example by investigating seasonal shifts in other climate 

indicators such as rainfall or monthly mean air and ocean temperatures, as this 

was beyond the scope of this study.  

 

The wave climate changes that have been described here could translate into 

observed changes along the SWWA coastline as waves are the main driver for 

longshore sediment transport, coastal erosion, and accretion (Masselink and 

Pattiaratchi, 2001). A previous study by Gallop et al. (2015) indicated that 

shoreline variability over a 34-year period at Yanchep (50 km north of Perth) 

was significantly correlated to offshore wave heights. Masselink and Pattiaratchi 

(2001) studied the seasonal changes in beach morphology along the Perth 

coastline. The study showed a northward sediment transport in summer months 

and accretion of sand south of coastal structures and rocky outcrops due to 

prevailing sea breeze activity, and erosion in winter during storms, as the 

sediment transport direction was reversed. A change in seasonal wave climate, 

with decreasing winter wave heights and increasing spring wave heights, as 

observed over the past years, is likely to influence the SWWA beach morphology 

and equilibrium; however, the extent of the potential changes is not quantified. 
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4.8 Concluding remarks 

The southwest Western Australian (SWWA) shelf wave climate was simulated 

using the wave model SWAN over the period between 1994 and 2014 (21 years). 

The model was validated with observational wave buoy data in water depths of 

~50 m at three locations along the coast. The simulated hindcast wave data were 

used to examine the seasonal and inter-annual changes and trends in the wave 

climate, and to investigate the response of the wave conditions to changes in 

atmospheric circulation patterns. The results indicated a strong seasonal and 

inter-annual variability. A slight decrease in summer and winter significant wave 

heights, as well as a slight increase in spring and autumn significant wave 

heights was evident. The seasonal and inter-annual variability in the wave 

climate was linked to latitudinal changes in the Southern Ocean storm belt. The 

dominant influence on the SWWA wave climate was described by local climate 

indices: STRP (representing the location of the subtropical ridge) and STRI 

(representing the intensity of the subtropical ridge). A northward shift of the 

Southern Ocean storm belt (i.e. a decrease in STRP) resulted in the exposure of 

SWWA to the southern flank of the sub-tropical anti-cyclones and consequently 

increased wave heights, and increased rainfall. In contrast, a southward 

movement of the storm belt (i.e. an increase in STRP) resulted in decreased wave 

heights and a reduction in rainfall.  

 

The significant wave height anomalies were largest when positive STRP 

anomalies (subtropical ridge located further north) coincided with negative STRI 

anomalies (weakened subtropical ridge intensity). In addition, atmospheric 

conditions driving significant wave height anomalies appeared to be analogous to 

conditions that control rainfall variability in SWWA. This study highlights the 

strong relationship between the regional wave climate and atmospheric systems 

and further research needs to investigate whether the local climate indices can be 

used to asses changes in nearshore morphology. 
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Chapter 5 

5. Projected changes of the southwest Australian wave 

climate under two atmospheric greenhouse gas 

concentration pathways 

5.1 Summary 

Incident wave energy flux is responsible for sediment transport and coastal 

erosion in wave-dominated regions such as the southwestern Australian (SWA) 

coastal zone. To evaluate future wave climates under increased greenhouse gas 

concentration scenarios, past studies have forced global wave simulations with 

wind data sourced from global climate model (GCM) simulations. However, due 

to the generally coarse spatial resolution of global climate and wave simulations, 

the effects of changing offshore wave conditions and sea level rise on the 

nearshore wave climate are still relatively unknown. To address this gap of 

knowledge, the projected SWA offshore, shelf, and nearshore wave climate 

under two potential future greenhouse gas concentration trajectories 

(representative concentration pathways RCP4.5 and RCP8.5) was investigated. 

This was achieved by downscaling an ensemble of global wave simulations, 

forced with winds from GCMs participating in the Coupled Model Inter-

comparison Project (CMIP5), into two regional domains, using the Simulating 

WAves Nearshore (SWAN) wave model. The wave climate is modeled for a 

historical 20-year time slice (1986-2005) and a projected future 20-year time-

slice (2081-2100) for both scenarios. Furthermore, these scenarios were 

compared to the effects of considering sea-level rise (SLR) alone (stationary 

wave climate), and to the effects of combined SLR and projected wind-wave 

change. Results indicated that the SWA shelf and nearshore wave climate is 

more sensitive to changes in offshore mean wave direction than offshore wave 

heights. Nearshore, wave energy flux was projected to increase by ~10% in 

exposed areas and decrease by ~10% in sheltered areas under both climate 

scenarios due to a change in wave directions, compared to an overall increase of 

2-4% in offshore wave heights. With SLR, the annual mean wave energy flux 
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was projected to increase by up to 20% in shallow water (<30 m) as a result of 

decreased wave dissipation. In winter months, the longshore wave energy flux, 

which is responsible for littoral drift, is expected to increase by up to 39% (62%) 

under the RCP4.5 (RCP8.5) greenhouse gas concentration pathway with SLR. 

The study highlights the importance of using high-resolution wave simulations to 

evaluate future regional wave climates, since the coastal wave climate is more 

responsive to changes in wave direction and sea level than offshore wave 

heights. 
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5.2 Introduction 

To efficiently manage and operate coastal and offshore industries over the next 

century, a thorough understanding of waves and expected changes in wave 

climate are essential. Wave-driven currents are the primary mechanism for 

sediment transport and contribute to coastal mixing, and erosion along wave-

dominated coastlines. The strength and direction of these currents depend on the 

incident wave energy flux (Hemer et al., 2010; Masselink and Pattiaratchi, 2001). 

 

The Southern Indian Ocean features one of the most energetic wave climates in 

the world (Bosserelle et al., 2012; Hemer et al., 2008; Sterl and Caires, 2005; 

Young, 1999; Young et al., 2011) and is therefore an ideal study site to 

investigate how future changes in offshore wave climates may affect the incident 

waves nearshore. Waves impacting the southwest Australian (SWA; Figure 5.1) 

coast are typically generated by storms in the Southern Indian Ocean (generally 

between 40° and 60°S), resulting in gradually decreasing wave heights from 

south to north (Bosserelle et al., 2012; Hemer and Griffin, 2010). The wave 

energy resource along Australia’s south coast has been estimated around 30-50 

kW/m along the 25-m isobath (Hemer and Griffin, 2010). The annual mean 

significant wave height (𝐻𝑠) offshore of Perth is 2 m, with a mean wave period 

(𝑇𝑚) of 8.8 s (Lemm et al., 1999). The wave climate varies seasonally, with 

smallest wave heights between December and February, during austral summer 

(𝐻𝑠 = 1-2 m; 𝑇𝑚  < 8 s) and largest wave heights between June and August, 

during austral winter (𝐻𝑠 = 1.5-2.5 m; 𝑇𝑚 > 8 s) (Bosserelle et al., 2012; Lemm 

et al., 1999). In contrast, the inter-annual variability in the Southern Indian 

Ocean wave climate is relatively small (<6%) (Bosserelle et al., 2012).  

 

As shown in Chapter 4, the seasonal and inter-annual variability of the SWA 

climate can be explained by the fluctuation of atmospheric pressure systems in 

the Southern Indian Ocean (Bosserelle et al., 2012; Hemer, 2010; Li et al., 2011). 

The Southern Annular Mode (SAM) describes the variability of the zonal 

pressure gradient between 45° and 65°S. It describes the north-south fluctuation 

of the extra tropical cyclones (Southern Ocean storm belt) that circle Antarctica 

(Marshall, 2003). During a negative phase of the SAM index, the swell-
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generating storm belt shifts northward, resulting in increased wave heights in 

SWA, whereas a positive SAM indicates a southward shift of the storm track 

(Bosserelle et al., 2012). The SAM is therefore strongly correlated to Southern 

Indian Ocean wave climate (Bosserelle et al., 2012; Hemer et al., 2010). 

Furthermore, the latitudinal position of the subtropical high-pressure ridge 

(STRP), a band of eastward traveling anti-cyclones in the Southern Hemisphere 

mid-latitudes, is closely connected to the SAM and, like the SAM, can be linked 

to the wave climate around Australia (Mortlock and Goodwin, 2015; O’Grady et 

al., 2015). A northward shift of the STRP results in increased SWA wave 

heights, as the Southern Ocean storms pass closer to the Australian continent, 

and a southward shift of the STRP resulted in decreased wave heights. Over 

recent decades, an overall intensification and southward shift of the Southern 

Ocean storm belt has been observed, which resulted in an increase in mean wave 

heights in the Southern Indian Ocean (Bosserelle et al., 2012; Young et al., 

2011). 

 

With increasing atmospheric greenhouse gas concentration, the global climate, 

and atmospheric circulation patterns are likely to continue changing over the next 

century. Global climate models (GCMs) simulate climate variables such as 

temperature, precipitation, and wind, under different greenhouse gas 

concentration scenarios. Commonly studied greenhouse gas concentration 

scenarios are the Representative Concentration Pathways (RCPs): RCP4.5 

describes an intermediate concentration scenario with radiative forcing stabilized 

at ~4.5 W/m2, and RCP8.5 describes a high concentration scenario under which 

the radiative forcing exceeds 8.5 W/m2 by the end of the year 2100 (Moss et al., 

2008). Harvey et al. (2012) used an ensemble of GCMs participating in the 

World Climate Research Program’s Coupled Model Intercomparison Project 

phases 3 (CMIP3) and 5 (CMIP5) (Taylor et al., 2012), to investigate the 

projected changes in winter storm tracks. The authors predicted increased storm 

activity over the Southern Ocean, particularly in higher latitudes towards the end 

of the 21st century.  

 

Surface winds and pressure fields can be used to statistically determine wave 

climate predictions. A statistical approach to estimate future wave heights by 
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Wang et al. (2014) used mean sea level pressure (MSLP) predictions from 20 

CMIP5 GCMs. The study showed a significant increase in Southern Ocean wave 

heights south of 45°S, as well as an increase of the present-day one in ten year 

extreme wave events until the end of the 21st century under RCP8.5. The wind 

output from GCMs can also be used to force wave models in order to 

dynamically assess future changes in wave climates. Dobrynin et al. (2012b) 

used a global wave model forced with winds from a GCM to study historical and 

future wave climates under RCP4.5 and RCP8.5. The GCM and wave 

simulations indicated an increase in extreme wind speeds and wave heights in the 

Southern Ocean. Hemer et al. (2013a) investigated the global wave climate by 

using results from five independent studies (Fan et al., 2013; Hemer et al., 

2013b; Mori et al., 2010; Semedo et al., 2011; Wang and Swail, 2006) and found 

a global projected decrease in wave heights of 25.8%, with an increase of 7.1% 

in the Southern Ocean. The largest increase in the Southern Ocean wave heights 

was found in winter (8.8%). 

 

Due to computational costs, global wave simulations are generally setup with a 

relatively coarse spatial resolution (usually 0.25° or less). Therefore, whilst 

global wave simulations provide a relatively high level of accuracy at basin 

scales, these simulations are generally unable to accurately resolve regional 

shallow water effects such as wave refraction, dissipation due to bottom friction, 

and depth-induced breaking. Researchers use dynamical downscaling methods 

from global or large-scale wave model domains, in order to simulate local 

processes at finer scales. For example, Charles et al. (2012) created a high-

resolution dataset of wave conditions on the French west coast and Hemer et al. 

(2013c) simulated the future wind-wave climate of Australia’s south-east coast 

for different climate scenarios using downscaling techniques.  

 

Since waves dissipate and refract as they propagate across the seabed, nearshore 

wave climate is largely dependent on the bathymetry. Pattiaratchi et al. (2014) 

studied the wave climate 50 km north of Perth, and found that due to large 

offshore reefs, nearshore wave heights were up to 75% smaller than offshore 

wave heights. In the nearshore, mean sea level rise (SLR) will change these 

dissipation patterns and consequentially alter the nearshore wave climate. SLR 
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should therefore also be considered when estimating future regional wave 

climates. Horton et al. (2014) estimated a “likely” global SLR of 0.7-1.2 m under 

the RCP8.5 greenhouse gas concentration scenario and a total SLR of ~0.62 m 

for the RCP4.5 scenario. These results were consistent with those by Bamber and 

Aspinall (2013). 

 

Whilst a few studies have investigated the impact of changing offshore wave 

heights on the nearshore wave regime (Hemer et al., 2013b) and the impact of 

sea level rise on the coastal zone (Atkinson et al., 2012; Nicholls et al., 2007), 

minimal consideration has been given to the combined effect on the coastal zone 

(e.g. Arns et al., 2017). Implications of global climate change for the SWA shelf 

and nearshore wave climate therefore remain mostly unknown. The aim of this 

paper is to examine the projected changes in the annual and seasonal mean wave 

climate for southwestern Australia between 1986-2005 and 2081-2100. The third 

generation Simulating Waves Nearshore (SWAN) wave model (Booji et al., 

1996) was used to downscale an ensemble of near global CMIP-5 GCM forced 

WaveWatch III simulations under historical and two future greenhouse gas 

concentration scenarios (RCP4.5 and RCP8.5). The chapter is setup as follows: 

Section 5.3 describes the setup of the SWAN wave model. The SWA regional 

simulation is validated in section 5.4 and the results are presented in section 5.5. 

In section 5.6, a discussion of implications of the results is presented and 

conclusions are drawn in section 5.7. 
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Figure 5.1 Maps of the model domains. The black box within the map of 

Australia (a) indicates the area of the regional SWA domain. (b) Bathymetry of 

the SWA domain. The black box indicates the location of the high-resolution 

Perth domain. (c) Bathymetry map of the high-resolution Perth domain. 
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5.3 Methods 

5.3.1 Global WAVEWATCH III simulations 

To evaluate the projected changes in the future regional wave climate, SWAN 

was used to downscale the global (latitude 80°S-80°N) WaveWatch III (WWIII) 

model (Tolman, 2009) simulations, for two regional domains. The spatial 

resolution of the global simulations was 1° by 1° and the directional wave 

spectrum was defined by a directional resolution of 15° and 25 logarithmically 

spaced frequency bins ranging from 0.04 to 0.5 Hz. A 7-member ensemble of 

simulations was available, with the global simulations derived from the wave 

model being forced with 3-hourly 10-m surface winds and monthly sea-ice area 

fraction from seven CMIP5 GCMs (Table 5.1). The CMIP5 dataset limits high 

temporal-resolution surface winds to a 20-year time slice for future scenarios 

(2081-2100). Wave simulations for each GCM were therefore carried out for a 

20-year historical period (1986 – 2005) and two 20-year projected future (2081 – 

2100) scenarios, corresponding to RCP4.5 and RCP8.5 (Table 5.2). 

 

The global wave climate ensemble used for this study was the same as presented 

in Hemer and Trenham (2016), however, the CNRM-CM5 forced wave 

simulation was excluded from the ensemble as an outlier. Readers are referred to 

Hemer and Trenham (2016) for further details on model setup and validation. 
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Table 5.1 Names and spatial resolution of the CMIP5 models used to force the 

global wave climate ensemble. 

Model Full model name Atmospheric 

Resolution Lon x 

Lat 

ACCESS 1.0 Australian Community Climate and Earth System 

Simulator 1.0 

1.88 x 1.25 

BCC-CSM1.1 Beijing Climate Centre, Climate System Model, 1-1 2.8 x 2.8 

CNRM-CM5 Centre National de Recherches Meteorologiques 

Coupled Global Climate Model, version 5 

1.4 x 1.4 

GFDL-ESM2M Geophysical Fluid Dynamics Laboratory Earth System 

Model 2M 

2.5 x 2.0 

HadGEM2-ES Hadley Centre Global Environmental Model 2, Earth 

System 

1.88 x 1.25 

INMCM4 Institute of Numerical Mathematics Coupled Model, 

version 4.0 

2.0 x 1.5 

MIROC5 Model for Interdisciplinary Research on Climate, 

version 5 

1.4 x 1.4 

MRI-CGCM3 Meteorological Research Institute Coupled Atmosphere-

Ocean General Circulation Model, version 3 

1.1 x 1.1 
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5.3.2 Regional SWAN simulations 

5.3.2.1 SWA domain 

The SWAN wave model is an Eulerian formulation of the discrete wave action 

balance equation (Booij et al., 1999). A regional implementation of the SWAN 

model (SWA domain; Figure 5.1a,b) was defined with a spatial resolution of 

~0.01° by ~0.01° (~1 km by ~1 km). The domain ranged from 112° E to 119.73° 

E, and from 29.91° S to 36.37° S. The directional wave spectrum was defined by 

45 directional bins (directional resolution of 8°) and 40 logarithmically scaled 

frequency bins ranging from 0.03 to 1 Hz (wave peak periods from 1 to 33 s). 

The bathymetry data were obtained from the high resolution (~250 m by ~250 

m) Geoscience Australia bathymetry data (Whiteway, 2009), complemented by 

Lidar and multi-beam data with a resolution of < 10 m in the nearshore region. 

The bottom friction was accounted for using the expression of Collins (1972). 

The default Collins friction parameter in SWAN is 0.015, however, it is designed 

for sandy sea beds. Initial historical simulations led to significant wave heights 

being over-predicted in the region when applying a friction parameter of 0.015 to 

the SWA domain. The SWA bathymetry is complex, consisting of not only sand 

but also large areas dominated by limestone reefs with a higher bed roughness 

than sand. When performing sensitivity tests (not shown), the best performance 

of historical simulations was achieved by applying a friction parameter of 0.03 

across the domain. 

 

For computational efficiency, regional historical (1986 – 2005) and future time 

slice (2081 – 2100 under the RCP4.5 and 8.5 scenario) simulations were 

performed as stationary runs, with one run for each month, downscaled from the 

global wave climate simulations. This allowed a computational speedup by a 

factor of ~1800. The stationary mode of SWAN uses multiple iterations to 

compute the stationary solution of a steady sea state. Stationary approaches have 

been previously used for a wide range of studies and operational applications 

(e.g. Camus et al., 2011; Elliott and Neill, 2007; Gorman et al., 2003; Rogers et 

al., 2007). Boundary wave parameters (𝐻𝑠, 𝑇𝑚, and 𝜃𝑚) for the regional SWA 

simulations were obtained by calculating the monthly means from the global 

wave climate simulations at the location of the SWA domain boundaries. 
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Note that no wind forcing was applied to the SWAN simulations and regional 

mean wind effects on the local wave climate were therefore unaccounted for. 

Consequentially, the sea breeze system, which is a large contributor to the 

nearshore wave environment during summer months in SWA (Masselink and 

Pattiaratchi, 2000; Pattiaratchi et al., 1997) as well as other local wind systems 

that influence SWA’s regional wave climate were overlooked.   

 

5.3.2.2 Perth domain 

The nearshore wave climate of the Perth metropolitan area was investigated by 

offline nesting a high-resolution implementation of SWAN for the Perth 

metropolitan area (Perth domain; Figure 5.1c) into the SWA domain. The spatial 

extent of the nested Perth simulations ranged from 115.4° E to 115.8°E and from 

31.5°S to 32.1°S with a grid resolution of 0.001° by 0.001° (~100 m by ~100 m). 

The directional frequency spectrum and bottom roughness parameters of the 

Perth simulations were the same as in the SWA simulations. 

 

Three potential future simulations were considered, which would lead to changes 

to the near-shore wave climate (Table 5.2). Firstly, consistent with the majority 

of historical coastal impacts of climate change, the effects of SLR was 

considered while assuming a stationary wave climate. For the RCP4.5 climate 

scenario a SLR of 0.62 m was assumed and for the RCP8.5 scenario a SLR of 

0.95 m was assumed, as these values represented the mean SLR of the range 

defined as “likely” in the literature (Bamber and Aspinall, 2013; Horton et al., 

2014). Secondly, the situation where future emission scenarios will alter the 

offshore wave conditions was considered, with no change to sea level, and 

finally the combined effects of projected SLR and change in offshore wave 

conditions were considered. 

 

5.3.3 Model output 

From the global wave climate simulations, monthly mean 𝐻𝑠, 𝑇𝑚, and 𝜃𝑚 were 

derived. The monthly stationary regional simulations were setup to output 

corresponding monthly mean standard wave parameters such as 𝐻𝑠, 𝑇𝑚, and 𝜃𝑚, 
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along with wave dissipation due to bottom friction and the wave energy flux 𝑃. 𝑃 

is defined as 

 

𝑃 = 𝜌𝑔∫ ∫ 𝑐𝐸(𝜎, 𝜃)𝑑𝜎𝑑𝜃        (5.1) 

 

where 𝜌 is the water density, 𝑔 is the acceleration due to gravity, 𝑐 is the wave 

celerity, and 𝐸(𝜎, 𝜃) is the wave energy density spectrum. 

 

The wave energy flux determines sediment resuspension, and beach 

transformation (e.g. Short, 1979) and the longshore (𝑃𝐿) and cross-shore (𝑃𝐶) 

components of the wave energy flux are responsible for longshore and cross-

shore sediment transport (e.g. Reeve et al., 2012). Alongshore and cross-shore 

wave energy fluxes at five beaches in the Perth metropolitan area (Figure 5.1c) 

were determined from the regional wave climate simulations in the Perth 

domain. 𝑃𝐿 was calculated as 

 

𝑃𝐿 = 𝑃𝑥 cos(𝜃𝑆) + 𝑃𝑦sin (𝜃𝑆)       (5.2) 

 

and 𝑃𝐶 was given as 

 

𝑃𝐶 = −𝑃𝑥sin (𝜃𝑆) + 𝑃𝑦cos (𝜃𝑆)      (5.3) 

 

where 𝑃𝑥  is the wave energy flux component in east-west direction, 𝑃𝑦  is the 

energy flux component in north-south direction, and 𝜃𝑆  is the angle of the 

shoreline of the corresponding beach. 
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Table 5.2 Overview of model runs. All global simulations were forced with wind data from seven GCMs (Table 5.1). The SWA regional 

simulation was downscaled from the global simulation and the regional Perth domain was nested into the SWA domain using offline nesting. 

Note that each run was performed for each of the seven CMIP5 ensemble members. 

Simulation Run name Model Mode Forcing Domain Time slice Climate scenario SLR [m] 

Global G_his WWIII  Non-

Stationary 

3-hrly 10 m wind fields 

from 7 CMIP5 ensemble 

members 

Near global 1986 – 2005 Historic - 

G_RCP45 2081 – 2100 RCP4.5 - 

G_RCP85 RCP8.5 - 

Regional 

(SWA) 

SWA_his SWAN Stationary Monthly mean 𝐻𝑠, 𝑇𝑚, and 

𝜃𝑚  from the global 

simulations 

SWA domain 

(Figure 5.1b) 

1986 – 2005 Historic - 

SWA_RCP45 2081 – 2100 RCP4.5 - 

SWA_RCP85 RCP8.5 - 

Regional 

(Perth) 

Per_his SWAN Stationary 2D wave energy spectra 

from the SWA simulations 

Perth domain 

(Figure 5.1c) 

1986 – 2005 Historic - 

Per_his_SLR45 + 0.62 

Per_his_SLR85 + 0.95  

Per_RCP45 2081 – 2100 RCP4.5 - 

Per_RCP85 RCP8.5 - 

Per_RCP45_SLR RCP4.5  + 0.62 

Per_RCP85_SLR RCP8.5  + 0.95 
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5.4 Evaluation of historic wave simulations 

A recent study by Hemer and Trenham (2016) assessed dynamical wave climate 

simulations forced with surface winds from eight CMIP5 GCMs. Results 

stressed that a high degree of model performance for “standard” climate 

variables (e.g. temperature or precipitation) did not necessarily imply better 

performance of corresponding GCM forced wave simulations. The authors 

therefore highlighted the importance of assessing the model skill of GCM forced 

wave simulations independently of the performance of GCMs for atmospheric 

variables.  

 

5.4.1 Global wave climate ensemble 

Monthly mean wave parameters (𝐻𝑠, 𝑇𝑚, and 𝜃𝑚 ) were obtained from the 

historical (1986-2005) global wave climate simulations to assess the performance 

of the GCM forced wave simulations offshore of SWA. The historical ensemble 

mean 𝐻𝑆 from the global ensemble (G_his) ranged between 2.5 and 3 m offshore 

of SWA (Figure 5.2a), with a mean wave period of ~11 s and a mean wave 

direction from the southwest (210-240°).  The wave climate ensemble was 

evaluated relative to a global wave hindcast (G1d_cfsr; Hemer and Trenham, 

2016) forced with wind from the NCEP Climate Forecast System Reanalysis 

(CFSR; Saha et al., 2010). The significant wave height bias of the global wave 

climate ensemble relative to the CFSR forced wave hindcast was relatively small 

offshore of SWA (-0.2 to -0.3 m; Figure 5.2b). The bias was related to an under-

representation of storm intensity within the CMIP5 atmospheric model ensemble 

(Hemer and Trenham, 2016), however, it was smaller than the variability 

between the wave climate ensemble members. 
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Figure 5.2 (a) Annual mean significant wave height for the historical time slice (1986-2005) obtained from the global CMIP5 forced 

WaveWatch III wave climate ensemble (G_his; Table 5.2). (b) Forcing bias computed as the standard deviation between the global wave climate 

ensemble members. 
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5.4.2 SWA regional wave climate ensemble 

The ensemble mean wave energy flux (Figure 5.3a) and significant wave height 

(Figure 5.3b) computed from the regional historical wave simulations 

(SWA_his) showed significant spatial variation along the SWA shelf. The 

simulation indicated the mean offshore wave energy flux (𝐻𝑠)  during the 

historical time slice along the south and southwest of SWA was between 45 and 

50 kW/m (between 3 and 3.5 m), gradually decreasing from south to north. 

Along the west coast the simulated energy flux ranged from 25 to 35 kW/m 

(mean 𝐻𝑠 between 0.5 to 2 m). In the lee of islands and headlands, as well as in 

areas of the shelf with shallow offshore reef systems, the wave energy flux and 

mean 𝐻𝑠  were significantly lower (0-15kW/m and 0-0.5 m respectively) 

compared to offshore. The results from the historical runs were within the range 

of Chapter 4 and other estimations of the mean wave climate (Bosserelle et al., 

2012; Hemer et al., 2016; Hemer and Griffin, 2010; Morim et al., 2014). 

 

The historical simulations were evaluated against the Centre for Australian 

Weather and Climate Research (CAWCR) Wave Hindcast 1979-2010 dataset 

(Durrant et al., 2014). The hindcast is a global implementation of the WW III 

model version 4.08 at a spatial resolution of 0.4° downscaled to 4 arc-minutes 

around Australia. The hindcast was forced with CFSR wind fields from 1979 – 

2010 and has been shown to accurately reproduce Australian wave climate in a 

number of studies (Durrant et al., 2014; e.g. Hemer et al., 2016; Hemer and 

Griffin, 2010; Marshall et al., 2015). 

 

The wave energy flux bias (Figure 5.3c) was estimated as the difference between 

the mean wave energy flux of the historical simulations and the 1986 – 2005 

mean wave energy of the CAWCR Wave Hindcast. Similarly, the mean 𝐻𝑠 bias 

of the historical simulations (Figure 5.3c) was estimated as the difference 

between the mean 𝐻𝑠 of the historical simulations and the 1986 – 2005 mean 𝐻𝑠 

of the CAWCR Wave Hindcast dataset. The mean wave energy flux bias varied 

between 10 and 20 kW/m throughout the domain (Figure 5.3c) and the absolute 

mean 𝐻𝑠 bias varied between 0 and 0.3 m throughout SWA, with a larger bias 

further offshore (Figure 5.3d).  
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Figure 5.3 (a) Southwestern Australian annual mean wave energy flux and (b) 

significant wave height (𝐻𝑠) from the historical SWA_his simulations (Table 

5.2). (c) Mean wave energy flux bias and (d) 𝐻𝑠  bias given as the difference 

between annual mean SWA_his simulations and the CAWCR Wave Hindcast. 

(e) Inter-ensemble variability given as the standard deviation of 𝐻𝑠 between the 

seven regional SWA wave climate ensemble members. 
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The 𝐻𝑠 variability amongst the different ensemble members of the SWA regional 

wave climate ensemble was in the same order of magnitude as the mean 𝐻𝑠 bias 

(Figure 5.3e). Offshore, the simulated 𝐻𝑠 variability between ensemble members 

ranged between a standard deviation of 0.18 and 0.2 m. In the lee of headlands 

and islands on the SWA shelf the inter-ensemble variability was significantly 

smaller than offshore (0-0.15 m). The results agreed with the findings by Hemer 

and Trenham (2016) who found a similar inter-ensemble variability between the 

different CMIP5 derived global wave climate ensemble members. 

 

The annual mean seasonality of the historical simulations was estimated as the 

difference between January and July mean 𝐻𝑠  (Figure 5.4a). The biggest 

seasonal 𝐻𝑠 variability was experienced offshore (1.2 – 1.5 m) compared to 

nearshore (0 – 0.6 m). The mean seasonality bias was determined as the 

difference between the seasonality calculated from the historical simulations and 

the seasonality from the CAWCR hindcast (Figure 5.4b). Overall, the seasonality 

bias was relatively small (± 0.2 m), indicating a realistic representation of the 

seasonal cycle by the historical simulations. In comparison to the seasonal 

fluctuations, the inter-annual variability of the simulated wave climate, given by 

the standard deviation of the annual mean 𝐻𝑠  across the 20-year record was 

relatively low (0 – 0.05 m) across the entire SWA domain (Figure 5.4c). While a 

significantly smaller inter-annual than the intra-annual variability has been 

shown by Bosserelle et al. (2012) and in Chapter 4, the ensemble mean of the 

CMIP5 models may cancel out some of the year-to-year internal variability. 

Averaging the CMIP5 ensemble members might therefore partially explain the 

relatively low inter-annual variability and total variability in the historical 

simulations compared to the CAWCR hindcast. The inter-annual 𝐻𝑠 variability 

bias given as the difference between historical simulations and CAWCR Wave 

Hindcast ranged between 0 and -0.5 m, indicating a slight under representation of 

the inter-annual variability by the historical simulations (Figure 5.4d). The time-

series standard deviation of the monthly mean 𝐻𝑠 ranged between 0.1 – 0.4 m 

nearshore to 0.5 – 0.6 m further offshore (Figure 5.4e). Again, these results were 

in line with results from Bosserelle et al. (2012) who found a similar variability 

when investigating the SWA wave climate using a 40-year wave hindcast, as 
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well as Chapter 4 where a 21 year wave hindcast was used to study SWA wave 

climate. The time-series standard deviation bias was relatively low ranging 

between 0 and -0.1 m (Figure 5.4f). 

 

At five locations along SWA (Figure 5.5a) the 𝐻𝑠 quantiles of the historical wave 

simulations were compared to the 𝐻𝑠  quantiles of the wave hindcasts. The 

locations were equally spaced along the shelf to represent the SWA offshore 

wave conditions. A comparison to the global wave hindcast G1d_cfsr shows that 

the historical wave simulation SWA_his systematically underestimated larger 

wave heights (>3.5 – 4 m) and smaller wave heights (<2 m) at most locations 

(Figure 5.5b). At the southern-most location (green markers) wave heights were 

overestimated. The dashed lines indicate theoretical quantiles from a normal 

distribution. The SWA_his simulations were further compared to the CAWCR 

Wave Hindcast and a similar error distribution was found (Figure 5.5c). This 

indicated that the GCM ensemble underestimated climatological wind fields 

between 1986 and 2005, which was further supported by the comparison 

between the G_his simulations and the CAWCR Wave Hindcast dataset (Figure 

5.5d). Both G_his and G1d_cfsr simulations use the same model configurations 

enabling the separation between model and resolution error and forcing error. 

Like the SWA_his simulations, the G_his historical simulations underrepresented 

larger wave heights, whereas smaller wave heights were overrepresented. These 

errors in the historical simulations can therefore be attributed to the fact that the 

GCM ensemble underestimates high wind speeds compared to the CFSR dataset 

which forces the G1d_cfsr and CAWCR Wave Hindcast datasets. A direct 

comparison between the simulated 𝐻𝑠  quantiles from the CAWCR Wave 

Hindcast and the G1d_cfsr hindcast showed straight lines at all locations, 

providing strong evidence of a uniform distribution (Figure 5.5e). This implies 

little or no information loss in the downscaling from the G1d_cfsr to CAWCR 

Hindcast. However, the G1d_cfsr hindcast slightly underrepresented wave 

heights at the southern-most location (green markers). The SWA_his simulations 

slightly underrepresented large wave heights (> 4 m), which might be a result of 

downscaling from the 1 degree resolution global domain to the ~100 m 

resolution SWA_his domain as the resolution combined with the absence of wind 
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forcing in the regional domain may affect wave conditions. In particular the 

absence of wind forcing in the SWA_his simulations may account for some of 

the underrepresentation of larger wave heights, however smaller wave heights 

are represented by the historical simulations.  

 

The square of the Pearson correlation coefficient (𝑅2) was calculated for each 

Quantile-Quantile (Q-Q) pair to further investigate the relationship between each 

of the simulations (Figure 5.5). As the Q-Q scatter plots suggest, the highest 

correlations were found between the Q1d_cfsr and the CAWCR Wave Hindcast, 

and between the G_his and the SWA_his simulations. This suggests no 

significant loss of information by methods of downscaling used in this study.  
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Figure 5.4 (a) Seasonality given as the difference between January and July 

mean 𝐻𝑠  from the SWA_his simulations. (b) Seasonality bias given as the 

difference between seasonality from the SWA_his and CAWCR Wave Hindcast 

simulations. (c) Inter-annual variability given as the standard deviation of the 

annual mean 𝐻𝑠  computed by the SWA_his simulations. (d) Inter-annual 𝐻𝑠 

variability bias given as the difference between the inter-annual variability from 
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the SWA_his and CAWCR Wave Hindcast simulations. (e) Time-series standard 

deviation of the monthly mean 𝐻𝑠  computed by the SWA_his simulations. (f) 

Time-series standard deviation bias given as the difference between the time-

series standard deviations of the SWA_his and CAWCR Wave Hindcast 

simulations. 

 

 

Figure 5.5 Quantile vs Quantile (Q-Q) scatter plot of monthly mean 𝐻𝑠 quantiles 

at five different locations (a). SWA_his vs G1d_cfsr (b), SWA_his vs CAWCR 

Wave Hindcast (c), G_his vs CAWCR Wave Hindcast (d), CAWCR Wave 

Hindcast vs G1d_cfsr (e), and G_his vs SWA_his (f). 
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5.5 Projected changes in wave climate 

5.5.1 Global wave climate ensemble 

Under a moderate future greenhouse gas concentration scenario (RCP4.5), wave 

heights in the higher latitudes of the Southern Indian Ocean south of 40°S were 

projected to increase by ~4-5%, and by ~1-2% offshore of SWA (Figure 5.6a). 

Offshore mean wave periods are expected to increase by 1-2% and the mean 

wave direction was projected to shift slightly counter-clockwise (by <5°) leading 

to an enhanced southerly component in the wave direction. 

 

Under a high greenhouse gas concentration trajectory (RCP8.5), significant wave 

heights were projected to increase by up to 7-8% in the higher latitudes of the 

Southern Indian Ocean (south of 40°S), and decrease in the mid-latitudes of the 

Southern Indian Ocean (between 30°S and 40°S). Offshore of SWA, wave 

heights are expected to increase by ~1-2% (Figure 5.6b) and 𝑇𝑚 was projected to 

increase by 2-3%, with a counter-clockwise shift in 𝜃𝑚  (<10°), enhancing the 

southerly component of the wave direction even further.  

  

 

 

Figure 5.6 (a) Projected changes in annual mean 𝐻𝑠  under the RCP4.5 

greenhouse gas scenario from the global wave climate ensemble. (b) Projected 

changes in annual mean 𝐻𝑠 under the RCP8.5 greenhouse gas scenario from the 

global wave climate ensemble. Hatched areas indicate regions where at least six 

of the seven ensemble members agree on the projected sign of change. 
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5.5.2 SWA regional wave simulations 

Projected changes in the SWA regional wave climate were computed by 

calculating the difference in wave energy flux between the historical ensemble 

(SWA_his) and the future end of 21st Century scenarios (RCP4.5 - SWA_RCP45 

and RCP8.5 - SWA_RSP85) (Figure 5.7). The offshore wave energy flux of 

SWA was projected to increase by 2-5% under the RCP4.5 (Figure 5.7a) and 

RCP8.5 (Figure 5.7b) greenhouse gas concentration scenarios. The nearshore 

wave climate is projected to change more notably than the offshore waves due to 

the projected shift in offshore wave direction: along exposed southward facing 

coastlines the wave energy is expected to increase, whilst decreasing along 

sheltered northward facing coastlines. In particular, along the west coast, to the 

northeast of blocking islands, headlands, and reefs the wave energy was 

projected to decrease by 6-8% under the RCP4.5 scenario (Figure 5.7a), and by 

up to 10% under the RCP8.5 scenario (Figure 5.7b), whilst increasing by >10% 

along southward facing coastline. These projected changes in shelf and nearshore 

wave energy flux are notable considering the expected change in offshore wave 

direction is relatively small. Overall, the different ensemble members of the 

regional wave climate ensemble agreed on the sign of change throughout most of 

the SWA domain, as indicated by the hatched areas in Figure 5.7. 

 

The ensemble historical mean offshore wave direction was from the southwest 

(220-225°) (Figure 5.8a). An increased greenhouse gas concentration scenario 

resulted in a projected southward shift of the swell generating pressure systems 

in the Southern Indian Ocean and consequentially an anti-clockwise rotation of 

the mean wave direction offshore of SWA. Under both, the RCP4.5 (Figure 5.8b) 

and RCP8.5 (Figure 5.8c) climate scenarios, the mean wave direction was 

projected to shift towards a more southerly direction with a greater change under 

the RCP8.5 scenario.  
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Figure 5.7 Projected changes in annual mean wave energy flux between the historical time slice and the future time slice (2081 – 2100) for (a) 

the RCP 4.5 and (b) the RCP 8.5 scenario. Hatched areas indicate regions where at least six of the seven SWA regional wave climate ensemble 

members agreed on the projected sign of change. 
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Figure 5.8 (a) Annual mean wave direction for the historical time period (1986-2005). (b) Projected change in mean wave direction under the 

RCP4.5 climate scenario. (c) Projected change in mean wave direction under the RCP8.5 climate scenario. 
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5.5.3 Nearshore wave climate 

The nearshore historical wave energy flux was evaluated using the high-

resolution ensemble of the Perth metropolitan area between Leighton and 

Yanchep (Figure 5.1c). The historical ensemble (Per_his) indicated an annual 

mean wave energy flux between 20 and 35 kW/m offshore of Rottnest Island and 

decreased gradually from west to east along the shelf slope towards the coastline 

(Figure 5.9). The majority of the SWA coastline and shelf is sheltered by small 

islands and large limestone reefs. Wave dissipation and refraction across the 

shelf therefore leads to an uneven propagation of offshore waves towards the 

nearshore. Rottnest Island created a swell shadow between Leighton and 

Mindarie, and offshore reef systems dissipated the wave energy southeast of 

Rottnest Island, allowing only a fraction of the offshore wave energy to reach the 

nearshore area. Along the coastline, in the swell shadow of Rottnest Island and 

the southern reefs, an annual mean wave energy of 5-15 kW/m was simulated. 

North of Mindarie, and outside of the swell shadow, a mean wave energy flux of 

15-25 kW/m was computed. 

 

 

Figure 5.9 Mean wave energy flux in the shelf and nearshore area around Perth, 

obtained from the high-resolution historical time slice simulation Per_his (Table 

5.2).
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The projected changes in mean nearshore wave energy flux at Scarborough in 

response to changes in offshore wave height and direction were investigated for 

different ensemble members under the RCP4.5 and RCP8.5 scenarios, (Figure 

5.10). Whilst the projected offshore 𝐻𝑠, given as the mean 𝐻𝑠 along the western 

Perth domain boundary, increased, the nearshore wave energy flux decreased 

(Figure 5.10a) due to the anti-clockwise shift in offshore 𝜃𝑚 (Figure 5.10b). The 

results highlight the importance of wave directions when estimating changes in 

shelf and nearshore wave climates, as even a small shift in direction can alter the 

wave regime significantly in areas with complex bathymetries. 

 

 

Figure 5.10 Projected change in annual mean nearshore wave energy flux at 

Scarborough for the RCP4.5 (black markers) and RCP8.5 scenario (red markers) 

in response to (a) changes in offshore 𝐻𝑠; and (b) changes in offshore 𝜃𝑚. The 

different markers represent the different wave climate ensemble members, 

annotated by the GCMs used to force the individual simulations. 

 

Using the high-resolution Perth simulation, the response of the shelf and 

nearshore wave climate to the combined changes in offshore wave conditions 

and SLR was evaluated and a summary of the results is presented in Table 5.3. 

The change in near-shore wave energy flux under three different situations is 

investigated. Firstly, the case consistent with the regional simulations is 

considered, investigating the projected change in nearshore wave energy flux 

associated with the projected change in offshore wave conditions, without any 
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influence of projected SLR. In contrast, the second considered case is consistent 

with the majority of coastal impacts of climate change studies, with an assumed 

stationary wave climate and the projected future change in wave energy flux 

which would occur under future sea-level scenarios (0.62 m rise for RCP4.5, and 

0.95 m for RCP8.5) is investigated. Finally, the combined effects of projected 

changes in offshore wave climate and future sea-level rise on the near-shore 

wave energy flux are investigated. Whilst the waves in deeper waters of the shelf 

were only influenced by projected changes in the offshore wave climate, 

irrespective of SLR, the changes in the shallow nearshore wave regime were 

mainly due to the expected SLR.  

 

Without the effects of SLR, the wave shadow created by Rottnest Island was 

projected to shift north, due to the anti-clockwise rotation of the offshore wave 

direction in the RCP4.5 scenario (Per_RCP45; Figure 5.11a). The shift led to a 

projected decrease in wave energy flux (by ~5%) between Scarborough and 

Mullaloo and increased wave energy around Yanchep. Offshore, west of Rottnest 

Island, the wave energy flux was projected to increase by (2-5%). Under the 

RCP8.5 scenario without a rise in sea level (Per_RCP85), the wave energy flux 

decreased throughout most of domain due to the enhanced anti-clockwise 

rotation of the wave direction, with the biggest decrease in wave energy in the 

Rottnest Island wave shadow (~10%) (Figure 5.11d). The projected decrease in 

wave energy flux to the south and southwest of Rottnest Island occurred as the 

area was now sheltered by the Cape Naturaliste headland, as shown in Figure 

5.7b. 

 

When simulating changes to the nearshore wave climate under the effects of 

SLR, but a stationary wave climate (Per_his_SLR45), the wave energy flux 

increased significantly in the shallow nearshore area but remained unchanged in 

deeper water depths (Figure 5.11b). For the RCP8.5 SLR scenario (0.95 m rise), 

and stationary wave climate (Per_his_SLR85), the nearshore shallow water wave 

energy was projected to increase by more than 20% while remaining unchanged 

offshore (Figure 5.11e). 
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When considering the combined effects of projected changes in offshore wave 

conditions and SLR under the RCP4.5 scenario (Per_RCP45_SLR), the shallow 

water wave energy flux was projected to increase significantly (10-20%) whilst 

the shift in offshore wave direction resulted in a decrease in wave energy flux 

between Scarborough and Mullaloo (Figure 5.11c). Similar to the Per_RCP45 

run, the wave energy flux was projected to increase offshore by the 

Per_RCP45_SLR simulation. The combined RCP8.5 scenario of projected 

changes in offshore wave climate with a 0.95 m rise in sea-level 

(Per_RCP85_SLR; Figure 5.11f), the offshore deep water energy flux was 

projected to decrease since the area was in the wave shadow of the Cape 

Naturaliste headland. The nearshore shallow water wave energy flux however, 

was projected to increase. 

 

 

Table 5.3 Responses of offshore and nearshore wave energy flux in the Perth 

metropolitan area to changes in the forcing fields. 

Forcing Results 

Time Slice Mean Sea Level Rise Change in offshore 

wave energy flux 

Change in nearshore 

wave energy flux 

1986 – 2005 

(Historical) 

0.62 m (RCP4.5) - Increase of ~10-15% 

2081 – 2100 

(RCP4.5) 

- Increase of ~5% Decrease of ~5% 

between Scarborough 

& Mullaloo 

Increase of ~2-4% 

around Yanchep 

2081 – 2100 

(RCP4.5) 

0.62 m (RCP4.5) Increase of ~5% Increase of ~10-15% 

1986 – 2005 

(Historical) 

0.95 m (RCP8.5) - Increase of ~10-20% 

2081 – 2100 

(RCP8.5) 

- Decrease of ~5% Decrease of ~5-10% 

2081 – 2100 

(RCP8.5) 

0.95 m (RCP8.5) Decrease of ~5% Increase of ~5-20% 
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Figure 5.11 Projected change in annual mean wave energy flux between the 

historical time slice and the future time slice from different simulations (See 

Table 5.2 for details): (a) Per_RCP45, (b) Per_his_SLR45 (c) Per_RCP45_SLR, 

(d) Per_RCP85, (e) Per_his_SLR85, (f) Per_RCP85_SLR. 
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5.5.3.1 Cross-shore wave energy fluxes 

The monthly mean cross-shore wave energy flux and projections under different 

climate scenarios at five beaches in the Perth metropolitan area were computed 

(Figure 5.12). The cross-shore wave energy flux varied seasonally, with the 

highest energy in the austral winter months between June and September, and the 

lowest energy in the summer months between December and February. The 

cross-shore wave energy flux in the northern beaches (Figure 5.12a-c) obtained 

from the historical simulations (Per_his) varied between 2 and 7 kW/m during 

austral summer and between 13 and 20 kW/m during austral winter. In the 

southern beaches (Figure 5.12d-e), the historical cross-shore energy flux was >2 

kW/m during the summer months and between 4 and 8 kW/m during austral 

winter. 

 

Without the effect of SLR, cross-shore wave energy fluxes were projected to 

decrease during the summer months (by ~1-3 kW/m) and remain relatively 

unchanged during winter months during both climate scenarios. 

 

When including SLR in the simulations, the cross-shore wave energy flux during 

summer was projected to remain relatively unchanged compared to the historical 

predictions. However, the cross-shore flux was projected to significantly increase 

between April and October, with the biggest change under the RCP8.5 SLR 

scenario. Under the RCP4.5 (RCP8.5) scenario with SLR, the maximum cross-

shore energy flux averaged across the five beaches was projected to increase by 

19% (31%). The maximum projected changes under each scenario are listed in 

Table 5.4. 

 

5.5.3.2 Longshore wave energy flux 

The simulated historical (Per_his) longshore wave energy fluxes were 

significantly lower than the cross-shore fluxes (<2.5 kW/m) at all beaches 

(Figure 5.13). Without the effect of SLR, the longshore wave energy flux was 

projected to remain mostly unchanged at all beaches under the RCP4.5 scenario 

(Per_RCP4.5) and decrease slightly by less than 1 kW/m under the RCP8.5 

scenario (Per_RCP8.5). 
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 When assessing changes to the longshore wave energy flux under the effects of 

SLR, but a stationary wave climate (Per_his_RCP45) longshore energy flux 

increased slightly (~0.1 kW/m) during austral summer and more notably in 

austral winter (between 0.5 and 1 kW/m). Under the RCP8.5 SLR scenario 

(Per_his_RCP85), longshore wave energy flux was projected to increase by up to 

1 kW/m during winter. 

 

When simulating the combined effects of projected changes in offshore wave 

conditions and SLR the longshore wave energy flux was projected to increase by 

up to 1 kW/m under the RCP4.5 scenario (Per_RCP45_SLR), and between 1 and 

2 kW/m under the RCP8.5 scenario (Per_RCP85_SLR). The maximum 

longshore energy flux averaged across all five beaches is projected to increase by 

28% (41%) (Table 5.4), however, the changes were spatially variable with the 

largest increase in longshore wave energy flux projected to occur in Yanchep – 

43% under the RCP4.5 and 67% under the RCP8.5 scenario with SLR (Figure 

5.13). 

 

 

Table 5.4 Response of cross- and longshore wave energy flux in the Perth 

metropolitan area to changes in the forcing fields. The maximum changes in 

monthly cross- and longshore wave energy flux were calculated as the maximum 

wave energy flux averaged across five beaches (Leighton, Scarborough, 

Mullaloo, Mindarie, and Yanchep). 

Forcing Results 

Boundary Wave 

Forcing 

Mean Sea Level Rise Max. change in 

monthly mean 

longshore wave 

energy flux [%] 

Max. change in 

monthly mean cross-

shore wave energy 

flux [%] 

Historic RCP4.5 25 16 

RCP4.5 0 7 9 

RCP4.5 RCP4.5 28 19 

Historic RCP8.5 38 25 

RCP8.5 0 22 29 

RCP8.5 RCP8.5 41 31 
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Figure 5.12 Projected monthly mean cross-shore wave energy flux at (a) 

Yanchep, (b) Mindarie, (c) Mullaloo, (d) Scarborough, and (e) Leighton Beach 

from the different scenario simulations. Note the different scales on the y-axis. 
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Figure 5.13 Projected monthly mean longshore wave energy flux at (a) Yanchep, 

(b) Mindarie, (c) Mullaloo, (d) Scarborough, and (e) Leighton Beach from the 

different scenario simulations. 
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5.5.3.3 Cross shelf significant wave heights 

Changes in cross-shelf 𝐻𝑠  along transects at five locations under the different 

climate change scenarios were investigated (Figure 5.14). The transects extended 

offshore from the coast, at the latitude of the five beaches indicated in Figure 

5.1c. Projected changes in 𝐻𝑠 were in the same order of magnitude as changes in 

wave energy flux. Increased sea levels were projected to only significantly affect 

wave heights in areas shallower than ~30 m and offshore wave heights were 

unaffected by SLR.  

 

Without the effects of SLR, offshore 𝐻𝑠  was projected to remain relatively 

unchanged under the RCP4.5 scenario (Per_RCP45) and to decrease by up to 5% 

nearshore. Under the RCP8.5 scenario (Per_RCP85), wave heights were 

projected to decrease by 2-5% offshore and by up to 10% nearshore due to the 

projected shift in offshore waves. 

 

When simulating the effects of SLR with a stationary wave climate 

(Per_his_SLR45 and Per_his_SLR85), the significant wave heights were 

projected to remain unchanged in water depths deeper than 30 m and increase up 

to 10 % in shallow waters. 

 

When considering the combined effects of projected changes in offshore wave 

conditions and SLR under the RCP4.5 scenario (Per_RCP45_SLR), offshore 

wave conditions were not projected to change significantly, however, nearshore 

wave heights were projected to increase by 3-7 % relative to the Per_RCP45 

scenario. Under the RCP8.5 scenario (Per_RCP85_SLR) nearshore 𝐻𝑠  was 

projected to increase by up to 10% relative to the scenario without SLR 

(Per_RCP85). 
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Figure 5.14 Projected change in cross-shelf 𝐻𝑠 at (a) Yanchep, (b) Mindarie, (c) 

Mullaloo, (d) Scarborough, and (e) Leighton Beach from different scenario 

simulations. Transects are taken along the same latitude, offshore of (a) 

Yanchep, (b) Mindarie, (c) Mullaloo, (d) Scarborough, and (e) Leighton Beach. 
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5.5.3.4 Dissipation 

The results were consistent with previous studies investigating the effect of SLR 

on coastal waves (Atkinson et al., 2012; Smith et al., 2010). These studies found 

increased nearshore wave heights under SLR conditions, due to reduced 

refraction, shoaling, wave breaking, and dissipation. The main mechanism for 

projected changes in nearshore wave climate in this study area was the change in 

wave dissipation due to changed wave directions and water levels (Figure 5.15). 

With increased water levels, projected frictional dissipation and wave breaking 

decreased drastically by 15-20%, particularly in areas with complex bathymetry 

close to the shore. The projected reduction in wave dissipation resulted in 

increased wave heights and energy fluxes in these regions. The Per_RCP45 and 

Per_RCP85 simulations show a significant increase in wave dissipation offshore 

of Rottnest Island and a decrease to the east of the island (Figure 5.15a,d). This 

projected increased offshore dissipation is likely caused by the increased 

offshore wave heights, whereas the projected reduction of dissipation inshore of 

Rottnest Island is caused by the changes in offshore wave direction. With 

increased water levels, the dissipation was generally projected to decrease 

throughout most of the Perth region, as the bottom friction decreased (Figure 

5.15b-c,e-f). 
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Figure 5.15 Projected change in wave energy dissipation due to bottom friction 

between the historical and future time slice from the regional simulations (See 

Table 5.2 for details): (a) Per_RCP45, (b) Per_his_SLR45 (c) Per_RCP45_SLR, 

(d) Per_RCP85, (e) Per_his_SLR85, (f) Per_RCP85_SLR. 
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5.6 Discussion 

The present study examined the projected changes in the offshore, shelf and 

nearshore wave climate off the southwest Australian coastline under the RCP4.5 

and RCP8.5 greenhouse gas concentration scenarios, by downscaling a global 

wave climate ensemble forced by atmospheric data from seven CMIP5 ensemble 

members into two high-resolution regional SWAN domains. The results from the 

global wave climate ensemble indicated a projected increase in 𝐻𝑠  in the 

Southern Indian Ocean due to an intensification of the Southern Ocean storm belt 

(towards a more positive SAM phase) and southward shift of the STRP under 

both climate change scenarios. These findings were consistent with other 

projections of the future Southern Ocean wave climate (Dobrynin et al., 2012; 

Hemer et al., 2013a; Wang et al., 2014). The projected increase in wave heights 

in the Southern Indian Ocean results in an expected increase in wave energy flux 

offshore of SWA. The southward intensification of the Southern Ocean storm 

belt is not only responsible for increased wave heights, but also for an anti-

clockwise rotation of offshore wave direction (Hemer et al., 2010). Due to 

islands, headlands, and shallow reef systems, the SWA shelf wave climate is 

expected to be more influenced by changes in offshore 𝜃𝑚  than changes in 

offshore 𝐻𝑆 . The directional shift in wave directions projected by the wave 

climate ensemble resulted in increased wave energy fluxes along southerly 

facing coastlines and decreased energy along sheltered coastlines. Particularly 

along the west coast, the wave energy flux was projected to decrease 

significantly by up to 10% due to the anti-clockwise rotation of the offshore 

mean wave directions. 

 

A recent study by Arns et al. (2017) investigated the influence of combined SLR, 

surges, tides, and changes in wave conditions and their implications for design 

heights for dykes in the North Sea. The authors found that computed extreme sea 

levels were enhanced when waves were included in the simulations. Reversely, 

in the present study the influence of mean sea level (MSL) on wave climates 

rather than the influence of waves on the MSL was investigated. The largest 

projected change in SWA wave climate was found in shallow coastal areas, due 

to the combined effect of changes in offshore wave conditions and SLR. Under 
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an increased mean sea level, dissipation due to bottom friction was projected to 

decrease, which then resulted in a significant increase in nearshore wave energy 

flux in areas shallower than ~30 m. In winter, the cross-shore wave energy flux 

was projected to increase by up to 21-30% and the longshore energy flux by up 

to 39-62%. These findings, as well as the findings by Arns et al. (2017) imply 

that present coastal design heights around the world may underestimate the 

impact of combined changes in MSL and nearshore wave climates. 

 

Due to the absence of significant nearshore current systems or strong tides, 

SWA’s sediment transport mechanisms are mainly wave driven and the wave 

energy flux is responsible for cross- and longshore sediment transport (Masselink 

and Pattiaratchi, 2001). However, offshore reefs, islands, and headlands along 

SWA’s spatially complex coastline make an estimation of sediment transport 

over the entire region difficult. In a recent study Gallop et al. (2015) investigated 

the impact of temperate reefs on shoreline stability over a 34-year time frame 

(1974-2008) at Yanchep. The authors found an overall trend of shoreline erosion 

over 96% of the study area over this time period. Interestingly, the main drivers 

for the shoreline recession were reef-controlled currents rather than changes in 

mean sea levels or metocean conditions. In a different study, Albert et al. (2016) 

investigated the impact of SLR and wave exposure on low-lying reef islands in 

the Solomon Islands between 1947 and 2014. The largest rates of shoreline 

recession within their study area were at sites exposed to high wave energy and 

Albert et al. (2016) noted that the wave action combined with SLR might be a 

key driver for coastal erosion. These two studies (Albert et al., 2016; Gallop et 

al., 2015) highlighted how different areas can respond differently to variable sea 

levels and wave action. Along SWA’s coastline, the increased wave energy flux 

connected to the increased greenhouse gas concentration is likely to enhance 

coastal erosion; however, the response of beaches to changes in metocean 

conditions is highly complex. Future work should take the geomorphology of the 

coastline into consideration, in order to accurately account for reef-driven 

currents and to predict the impact of climate change on the sediment budget of 

specific beaches.  
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The numerical models used in this study were able to reproduce the wave climate 

during the historical time slice, and the inter-annual and seasonal variability in 

the wave climate agreed with previous studies (Bosserelle et al., 2012). However, 

when simulating future scenarios, some uncertainties remain, particularly in 

regards to the boundary forcing and potential SLR. An overall intensification of 

the Southern Ocean storm belt and southward shift of the STRP has been 

observed over the past decades, which has been linked to increased wave heights, 

as well as an anti-clockwise rotation of wave directions in the higher latitudes of 

the Southern Ocean and the Southern Indian Ocean (Bosserelle et al., 2012; 

Hemer, 2010; Hemer et al., 2010; Young et al., 2011). Studies investigating the 

future global wave climate suggest a further intensification of the Southern 

Ocean storm belt throughout the 21st century (Dobrynin et al., 2012; Hemer et 

al., 2013a, 2013b, 2013c; Wang et al., 2014); however, the magnitude of the 

actual intensification depends on the anthropogenic greenhouse gas trajectory 

over the next century. In this study only wave climates under the RCP4.5 and 

RCP8.5 greenhouse gas concentration scenarios were considered and the actual 

concentration might deviate from these pathways. In this study, a SLR of 0.62 m 

was assumed for the RCP4.5 scenario and an SLR of 0.95 m for the RCP 8.5 

scenario, which was the mean of the estimated global SLR range defined as 

“likely” by Bamber and Aspinall (2013) and Horton et al. (2014). However, the 

regional SLR in SWA might deviate from these global estimates.  

 

Only monthly and annual mean wave climates were considered, as local winds 

and short-term fluctuations in the order of magnitude of hours or days were not 

taken into account in this study. However, extreme wave conditions during 

storms are responsible for a large component of SWA coastal stability and 

coastal change (Masselink and Pattiaratchi, 2001). The impacts of climate 

change on coastlines will therefore most likely be experienced during extreme 

wave conditions. It remains an ongoing challenge to improve the model skill to 

simulate extreme wave conditions with available climate model forcing (Hemer 

and Trenham, 2016) and further research needs to be undertaken to address these 

challenges and make reliable predictions about future storm wave conditions. 
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5.7 Concluding remarks 

This study presents the projected changes in wave energy flux along 

southwestern Australia (SWA) due to the RCP4.5 and RCP8.5 greenhouse gas 

concentration pathways. The projected southward shift and intensification of the 

Southern Ocean storm belt is responsible for an overall projected increase in 

offshore wave energy flux, as well as increased wave energy along exposed 

coastlines, and decreased energy along sheltered coastlines. Increased mean sea 

levels are expected to reduce the wave energy dissipation due to bottom friction 

and therefore increase the overall wave energy flux in all coastal shallow water 

regions significantly. The enhanced wave energy flux in nearshore areas is likely 

to cause coastal erosion, however, an exact estimation of the extent of the coastal 

erosion is difficult due to the complexity of the system (e.g. large variation of sea 

bed type in SWA).  

 

While results indicate that increasing offshore wave heights certainly influence 

shelf and nearshore wave climates, the effect of changing offshore wave 

directions may significantly outweigh the effect of changing offshore wave 

heights. When assessing a regional wave climate, particular attention should 

therefore be paid to wave directions and associated changes in refraction 

dynamics. 

 

The largest change in shallow water nearshore wave climate can most likely be 

expected to occur due to increased sea levels, which also result in changing 

refraction patterns and a reduction in dissipation due to bottom friction. Studies 

investigating regional future wave climates and wave energy resource should 

therefore consider the effect of SLR on waves. 
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Chapter 6 

6. Discussion 

6.1 Original contribution and implications 

Knowledge of the local wave climate is important for coastal zone management 

and coastal protection. Whilst previous studies have investigated the Southern 

and Western Australian offshore wave climate (e.g. Bosserelle et al., 2012; 

Hemer, 2010; Hemer et al., 2010), relatively limited attention has been paid to 

larger scale shelf and nearshore wave climate. This thesis investigated the 

southwest Western Australian (SWWA) wave variability in response to changing 

ocean currents, changes in the Southern Hemisphere synoptic patterns, and 

longer-term climate change. The main findings and original contributions, as 

well as their implications are summarized in the following paragraphs. 

 

6.1.1 Wave-current interaction 

For the first time, it was shown that the offshore ocean circulation plays an 

important role in the SWWA wave regime and that Leeuwin Current (LC) and its 

meso-scale eddy field have a significant influence on the offshore waves. 

Simulations showed that significant wave heights are altered by ± 25% in areas 

with strong currents. This implies that operational wave models that are used to 

predict SWWA wave conditions may be substantially under- or over-predicting 

the wave conditions in certain areas during certain times, since they do not 

account for wave-current interaction. Hashemi and Neill (2014) recently 

investigated the role of tides on the wave energy resource in the United Kingdom 

and the authors found that tidal currents influenced the wave energy resource. As 

SWWA offers potential sites for the deployment of wave energy converters (e.g. 

Hemer et al., 2016; Mann, 2011), the role of the offshore current regime on the 

long-term wave energy resource should certainly be considered in the 

development.  
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In regions with particularly prevalent offshore currents and eddies, e.g. the 

Agulhas Current offshore South Africa (Irvine and Tilley, 1988; Schumann, 

1976), the Kuroshio Current offshore Japan (Sugimori, 1973), or the Gulf Stream 

in the North Atlantic (Holthuijsen and Tolman, 1991), the currents have the 

potential to not only significantly alter offshore waves but also nearshore waves. 

Ardhuin et al. (2012) found a significant change in wave parameters in areas 

“down-wave of strong current gradients that cause large refraction effects”. This 

implies that wave heights and directions are not only changed in areas where the 

strong LC and its eddies prevail, but also inshore of these areas. Consequently, 

the nearshore wave climate may be altered significantly during times of strong 

LC and offshore eddy activity. 

  

Since littoral currents are driven by depth-induced wave breaking in the 

nearshore, the altered wave conditions described here may result in modified 

littoral drift (Uchiyama et al., 2010) and consequently modified sediment 

transport patterns. Michaud et al. (2012) found a significant underestimation of 

bottom shear stress, as well as a false representation of the direction and strength 

of the littoral drift, when simulating the circulation at a beach in the northwest 

Mediterranean without wave forcing. The impact of wave-current interaction on 

sediment transport is therefore twofold: waves are modified by the presence of 

currents resulting in changed bottom stress, while at the same time local 

circulation features are modified by waves, resulting in altered advective flows 

(Sclavo et al., 2013). Particularly during storm conditions, where strong winds 

generate large waves and surface currents, SWWA offshore meanders and eddies 

may therefore (depending on the rotation and strength) either significantly 

increase or reduce coastal erosion. 

 

6.1.2 Wave climate and climate modes 

To better understand the seasonal and inter-annual SWWA wave climate 

variability, a 21-year wave hindcast of the SWWA continental shelf and 

nearshore was created (Chapter 4). The relationship between the wave climate 

and the atmospheric circulation variability was assessed and a strong correlation 

with the intensity and latitudinal position of the subtropical ridge was found. The 
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results showed that the regionally calculated subtropical ridge indices (STRP & 

STRI) were better indicators for local wave climate than the previously used 

Southern Annular Mode (SAM) index (e.g. Bosserelle et al., 2012), as these 

better captured the SWWA atmospheric circulation anomalies. 

 

SWWA significant wave height anomalies were found to be caused by the same 

atmospheric anomalies that cause rainfall in SWWA (England et al., 2006), 

namely a latitudinal shift in the Southern Ocean storm track. Raut et al. (2014) 

investigated SWWA rainfall variability and found a relationship between SAM, 

ENSO, and SWWA rainfall. In a different study Weller et al. (2012) found a 

relationship between the IOD, SAM and SWWA rainfall. Whilst the SAM index 

appeared to be a reasonable proxy of the local wave climate in SWWA, the 

relationship to the other climate modes is less obvious as the correlations appear 

to be quite weak, non-linear, and/or only linked to particular seasons. The STRP 

and STRI therefore better explained the local wave climate and atmospheric 

variability. 

 

Climate indices, describing dominant atmospheric modes, are powerful tools to 

investigate longer-term regional wave climates and wave climate variability. For 

example, the North Atlantic wave climate is highly correlated to the North 

Atlantic Oscillation (NAO; e.g. Gallagher et al., 2014; Neill et al., 2014; Wang 

and Swail, 2001). Woolf (2002) developed a statistical predictor based on the 

dependence of the North Atlantic wave climate to the NAO and was able to 

predict wave height anomalies over large areas of the North Atlantic Ocean. 

Neill and Hashemi (2013) studied the wave power on the northwest European 

shelf and found that the wave energy variability could be explained by the 

variability of the NAO. In Australia, Goodwin (2005) produced a wave hindcast 

of the wave climate in Sydney over a 124-year time span by establishing 

relationships between the wave climate and different atmospheric modes (ENSO 

and Inter-decadal Pacific Oscillation). Since coastal morphology is generally 

linked to regional wave climates, climate indices can also be used to assess and 

predict shoreline variability (Goodwin et al., 2016; Mortlock and Goodwin, 

2016; O’Grady et al., 2015). 
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6.1.3 Climate change 

With increasing greenhouse gas concentrations, the Southern Ocean storm belt is 

projected to intensify and shift southward by the end of the 21st century (e.g. 

Harvey et al., 2012; Wang et al., 2014). Using numerical models, implications 

for the SWWA shelf and nearshore wave climate were assessed (Chapter 5). 

While the offshore significant wave heights are expected to increase due to the 

intensification of the SO storm belt, the southward shift of the storm track, 

results in a projected anti-clockwise shift (towards the south) in wave directions. 

The model results indicated that on the shelf and nearshore, the effects of the 

projected directional shift outweigh the increase in offshore wave heights. 

Additionally to changes in the circulation patterns, mean sea level is projected to 

change under different greenhouse gas concentration pathways. The projected 

response of the nearshore wave climate to mean sea level rise was assessed and a 

significant increase in near shore wave energy flux due to a reduced dissipation 

was found. Sea level rise therefore appears to be the dominant process 

influencing future nearshore wave climates.  

 

The study highlighted the importance of regionally downscaled wave models, as 

changes in shelf and nearshore wave climates may significantly differ from 

changes in offshore waves (Charles et al., 2012). As the nearshore wave climate 

is responsible for the coastal morphology, changing waves are consequently 

expected to alter sediment erosion/accretion patterns. In southeast Australia, 

Goodwin et al. (2016) projected a 30% reduction in longshore sand transport due 

to a southward shift of the subtropical ridge and the corresponding change in 

wave directions. In contrast, longshore wave energy flux in SWWA is projected 

to increase significantly, which is expected to result in enhanced longshore 

sediment transport. 

 

In line with the findings of this thesis, recent studies (e.g. Albert et al., 2016; 

Suursaar et al., 2016) argued that the combination of changing waves and SLR 

might be a key driver for future coastal erosion. In fact, while increased MSL is 

expected to enhance nearshore wave energy flux (Chapter 5), reversely, Arns et 

al. (2017) found an increase in projected future extreme sea levels when wave 

heights were included in the simulations. The results imply that present coastal 
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design heights around the world may underestimate the impact of future MSL 

and nearshore wave climates. 

 

6.1.4 Morphology 

Overall, the findings of this thesis led to an enhanced understanding of the 

SWWA wave regime and wave climate variability. Waves are the main driver for 

coastal zone variability and morphodynamics. Changes in the coastline can occur 

over different timescales from hours and days to decades and centuries (e.g. 

Larson and Kraus, 1995). Whilst single waves or wave groups can impact 

sediment grains in the micro-scale, meso-scale processes such as the ones 

described in Chapter 3 (e.g. swells, storm events, and the LC and its eddies) are 

generally responsible to alter entire beaches. Coastlines are particularly 

vulnerable to storms and large wave events (Castelle et al., 2015; Roelvink et al., 

2009) that can suspend and redistribute sediment and erode beaches within short 

time frames of hours to days (Pattiaratchi et al., 1997). This implies that the 

effect of large wave events on the coastal zone may be intensified when such 

events are combined with opposing offshore currents and therefore increased 

significant wave heights.  

 

Macro-scale processes (i.e. seasonal and inter-annual variability) in regional 

wave climates (Chapter 4) are responsible for beach variability over longer 

timescales than meso- and micro-scale processes. Masselink and Pattiaratchi 

(2001) investigated seasonal changes in beach morphology along the Perth 

coastline and found that seasonal variability could be described by a reversal in 

the littoral drift direction due to changing wind and wave conditions over a year. 

Changes and long-term trends in seasonal storm patterns and mean wave 

climates as described in Chapter 4 may therefore substantially change the annual 

accretion- erosion cycle that can be observed at many beaches (Masselink and 

Pattiaratchi, 2001). 

 

Mega-scale processes such as changes in long-term wave climate and SLR are 

responsible for morphological changes of littoral cells and even rock formations 

(e.g. cliffs) that might otherwise not be affected by a single storm event. Previous 
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studies investigating projected future wave climates suggest that long-term 

changes in wave climate may have major implications for the coastal zone and 

beach stability (e.g. O’Grady et al., 2015; Suursaar et al., 2016). Gallop et al. 

(2015) studied the shoreline stability at a beach north of Perth and the authors 

found trends in beach width in the order of magnitude of m/year between 1974 

and 2008. These trends in beach width are expected to continue and even 

increase throughout the 21st century, considering the projected increase in 

SWWA wave energy flux and MSL described in Chapter 5.  

 

6.2 Numerical models 

The findings presented in this thesis were mainly obtained using numerical 

computer models. Whilst models are useful tools to simulate complex processes 

efficiently, they do have disadvantages compared to observations. As per 

definition, models are simplifications of the real environment, and as such they 

may be imprecise or even inadequate for certain applications. Numerical models 

therefore always rely on observational data in order to validate the simulations 

and determine potential errors and model results should be treated with these 

limitations in mind. On the other hand, numerical models allow for cost effective 

investigation of processes over larger areas and timescales than it would be 

feasible (or even possible) with observations. Furthermore, models have the 

advantage that different scenarios of one process can be simulated, rather than 

waiting for these scenarios to occur in reality.  

 

Given the objectives of this thesis, numerical models proved to be the best tools 

for a successful investigation. In previous studies, both SWAN and ROMS have 

been successfully applied to different regions and scales in southern and Western 

Australia (e.g. Hemer and Griffin, 2010; Meuleners et al., 2007; Rennie et al., 

2007b; Taebi et al., 2011). The main sources of error in the regional models used 

throughout this thesis were related to inaccuracies in the global simulations that 

provided boundary information. Models with global domains such as NOAA’s 

WWIII wave model or the hydrodynamic model HYCOM, are usually run at 

relatively coarse temporal and spatial resolutions and therefore are subject to 

errors that then propagate into the high-resolution regional domains. However, 
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when the model performances of the regional models were assessed against 

observations, the simulations overall agreed with the observations and model 

bias and errors were low and comparable to other studies (e.g. Bosserelle et al., 

2012; Cosoli et al., 2013; Gallagher et al., 2014; García-Medina et al., 2014; 

Neill et al., 2014; Stopa et al., 2013; Taebi et al., 2011). 

 

While SWAN was ideal to address the research questions in this thesis, future 

developments in numerical wave models may result in new methodologies to 

study waves and wave climates. Furthermore, at present, the modeling studies 

presented here, generally require supercomputing facilities and are therefore 

often not feasible for institutions without these facilities. Recent research has 

made promising progress in running regional phase-averaged (Bosserelle, 2014), 

as well as Boussinesq-type wave models (Tavakkol and Lynett, 2017) on 

Graphical Processing Units (GPUs), rather than Central Processing Units 

(CPUs). This method leads to a significant computational speedup while 

reducing costs. It can therefore be expected that numerical hydrodynamic models 

will become more advanced and accessible in the near future, allowing for more 

complex simulations. 

 

6.3 Future work 

It was shown that the LC system significantly impacts the wave regime on short 

timescales; however, the impact of the LC on the long-term wave climate is still 

relatively unknown. This becomes particularly important as the LC circulation 

may change due to global climate change, which in turn might impact the future 

wave climate. Future studies should investigate how the LC changes the seasonal 

and inter-annual mean wave climate. This could be achieved using longer-term 

coupled wave-current simulations (>1 year) of the region. Furthermore, work is 

currently underway to investigate SWWA offshore wave-current interaction 

using high-frequency radars (HFRs) and these observations could supplement 

model results and provide further insight on the longer term impact of the LC on 

the wave climate.  
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When performing a hindcast of two swell events with the coupled wave-current 

model, the model skill was not substantially improved. These results were in line 

with similar studies simulating wave-current interaction (e.g. Hetland and 

DiMarco, 2012; Rong et al., 2014). As the evolution of the current fields within 

the model domain is generally not restricted to external forcings, small-scale 

eddies may be misplaced thus impairing the model skill analysis. A potential 

solution to this problem is implementing 4D-Var data assimilation schemes into 

ROMS and thereby restricting the internal model circulation to match available 

observations (e.g. Janeković et al., 2013; Moore et al., 2011). In the future, such 

data assimilation schemes may help to improve the model skill of coupled 

hydrodynamic models. Furthermore, as computational power and accessibility 

increases, the global simulations that are used to force the boundaries of the 

regional models will increase in accuracy. This should in turn help improving the 

model skill of regionally downscaled models. 

 

In Chapter 4 a clear relationship between the SWWA wave climate and the 

location and intensity of the subtropical high-pressure ridge was demonstrated. 

As waves are responsible for beach variability (Gallop et al., 2013, 2012a; 

Pattiaratchi et al., 1997), future studies should attempt to find a relationship 

between the atmospheric circulation and coastal erosion. Should such a clear 

relationship exist, it may also be possible to predict future coastline variability 

based on the synoptic patterns. Furthermore, the STRP and STRI indices may be 

useful to study trends in rainfall, temperature or other, ecological parameters; 

however, these relationships are yet to be established.  

 

The estimated projections of future wave climate in Chapter 5 were based on the 

assumption of a uniform seabed roughness. Future studies should work on 

mapping seabed roughness in order to gain a better understanding of the actual 

dissipation patterns of waves across the SWWA shelf. The usage of modern 

technologies such as LIDAR, side-scan sonars, or underwater vehicles may allow 

an accurate mapping of the seabed and enhance the accuracy of wave 

simulations. Regional downscaling of climate models is a useful tool in order to 

assess localized potential impacts of climate change. While some studies have 

estimated projected regional changes in wave climates (Arns et al., 2017; Charles 
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et al., 2012; Hemer et al., 2013c), much work, particularly in areas that are in 

high-risk to be negatively affected by climate change (e.g. low lying islands), is 

yet to be done. Furthermore, the uncertainty related to climate models is still 

relatively large and scientists are constantly working on improving global 

climate models, in order to be able to accurately estimate projections of future 

changes. A better understanding of global and regional climates and climate 

feedbacks may result in an improvement of climate models. 
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Chapter 7 

7. Conclusion 

This thesis investigated the southwest Western Australian (SWWA) shelf and 

nearshore wave climate and its response to ocean and atmospheric circulation 

variability, and projections of the future local wave climate. This was achieved 

by coupling a range of numerical ocean and atmospheric circulation models to 

regional wave models. 

 

 It was found that the SWWA current regime, and particularly the 

Leeuwin Current (LC) system, has a significant impact on the waves. 

Results suggested that significant wave heights off the shelf are altered by 

up to ±  25% and wave directions by up to ±  20° in areas of strong 

offshore currents, particularly in the eddy fields of the LC. The study 

demonstrated the usefulness of coupled models when assessing regional 

wave conditions, and the methodologies presented here may be useful to 

improve operational wave models in the future. 

 

 Results indicated a high correlation between the SWWA wave climate 

and the latitudinal position and intensity of the subtropical high-pressure 

ridge, as well as the Southern Ocean storm track. A northward 

(southward) shift of the subtropical ridge and a decrease (increase) in 

intensity resulted in increased (decreased) wave heights. It was found that 

atmospheric conditions that drive significant wave height anomalies were 

analogous to the atmospheric conditions that drive SWWA rainfall. The 

methodologies presented here may be applied to different scientific fields 

in the future, e.g. to study variability of beach morphology and climate 

change. 

 

 Offshore and nearshore wave climates under the representative 

greenhouse gas concentration pathways RCP4.5 and RCP8.5 were 

assessed and results indicated a projected increase in wave height and a 
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clockwise rotation offshore wave directions. Nearshore, changes in 

offshore wave directions are expected to dominate over the changes in 

offshore wave height. When assessing the impact of mean sea level rise 

on the nearshore wave heights, the simulations projected an increase in 

nearshore shallow water wave energy fluxes. The models therefore 

suggested that sea level rise is the dominant process influencing the 

future coastal wave climate. Coastal design heights around the world may 

underestimate the impact of the combined changes in MSL and nearshore 

wave climate. 

 

The results of this work revealed the complexity of the SWWA wave climate and 

identified important drivers that influence the local waves on timescales of a few 

days to months and years. More broadly, the work demonstrated the usefulness 

and importance of numerical models to investigate different aspects of regional 

ocean climates. The thesis provides innovative methodologies such as the use of 

coupled wave-current models and climate models to investigate local features in 

the wave climate. With computational power steadily increasing, such 

methodologies could be applied in other locations in the future and become a 

standard to help coastal zone managers and policy makers to make informed 

decisions.
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