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Abstract 

Harbours are essentially protected against swell waves (<15s) by the construction of 

breakwaters. However, long period waves (25-300 s) known as infragravity waves 

impinge on many harbours causing periodic horizontal and vertical water motions 

(oscillations). Oscillations can interrupt berthing operations and affect harbour 

procedures. The study investigates oscillation problem and potential generation 

mechanisms of oscillations  in small harbours (length scale <1 km with an average 

depth of 3-10 m) fronted by rapidly changing offshore topography and in a swell 

dominated wave climate. Two Rocks Marina in Western Australia was selected as the 

harbour in the above conditions. Measured water levels and numerical simulations 

using a Boussinesq wave model were undertaken for the investigation. 

The field observation results of the marina revealed four dominant oscillations in the 

infragravity band. Periods of the oscillations were in closer range to natural oscillation 

periods (NOPs) of the marina, suggesting that the oscillations were generated through 

excitation of the marina’s NOPs.  Continuous occurrence of these oscillations 

suggested that they were forced by an external energy source continuously fed into 

the marina.  The oscillations correlated with offshore swell waves hence, bound 

infragravity waves associated with swell wave groups were identified as an external 

energy source for the oscillations. In storm events, energy of these oscillations was 

significantly amplified. Excessive wave heights and high occurrence of the oscillations 

during storm events caused undesirable conditions within the marina.  

The numerical model results revealed significant level of free infragravity wave 

generation over submerged offshore reef systems, independent of the external 

incident wave forcing. As a result, infragravity wave energy in the marina region was 

increased which in turn continuously excited marina oscillations.  The free infragravity 

waves generated over the reef systems were identified as another potential external 

energy source for the oscillations. Marina oscillations were excited even though the 

energy spectrum outside the marina varied smoothly without showing dominant 

frequency peaks, which can be matched with the marina oscillation periods. However, 
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a broad energy plateau was seen in between 90-325 s in the energy spectrum outside 

the marina. 

The initial value of the aspect ratio which defined by the background infragravity wave 

period range outside the marina was used to estimate preliminary dimensions for new 

harbour.  Dimensions for alternative layouts were decided based on the initial aspect 

ratio. The results showed that the significant wave heights of the infragravity band in 

the harbour decreased as the aspect ratio increased for a constant harbour depth and 

entrance width.   Furthermore, the wave heights in the infragravity band increased 

with the aperture ratio, for the same harbour depth and the entrance width. This study 

confirms that ‘free wave simulation’ is an efficient tool for identifying NOPs of a 

harbour under free oscillation conditions.  

The findings of the study are important in understanding the infragravity period 

oscillations in small harbours as Two Rocks Marina, and in estimating preliminary 

dimensions for a new harbour in order to minimize the oscillation problem. 
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1. Introduction  

With the present trend of continuous increase in fishing and recreational industry the 

demand for fishery harbours and recreational marinas has risen significantly both 

nationally and globally over past few decades (Sciortino, 2010 ).  An increasing number 

of new fishing harbours and marinas are being constructed around the world to 

accommodate this demand.   The functionality of a harbour (or a marina) is therefore a 

critical factor that has to be considered in harbour designs.  In general, wave 

disturbance is the basic criterion in harbour design considerations (Sawaragi  and 

Kubo, 1982).  Harbours are essentially protected against wind-generated short waves 

by the construction of breakwaters (Van der Molen et al., 2004). However, disturbance 

due to long  period waves is difficult to remove or minimize by breakwaters because of 

their small amplitudes, increasing energetic behaviours near and around breakwaters, 

and their ability to penetrate into harbour basins (Battjes, 1988; Elgar et al., 1992; 

Herbers et al., 1995a).  

Long waves, particularly the infragravity waves, which are defined by the wave period, 

from 25 to 300 s (or sometimes 600 s), have been reported as one of the causes of 

oscillation problems in many ports and harbours (Kioka, 1996; Jeong et al., 1997; 

Gierlevsen et al., 2001; McComb et al., 2005; Bellotti  and Franco, 2011). In a harbour 

with lengths of the order of 500 m and depths of the order of 10 m, the natural 

oscillation periods are of the order of a few minutes (Harkins  and Briggs, 1995), and 

they mostly coincide with the infragravity waves with typical periods of 25 to 300 s 

(Wu  and Liu, 1990).  Propagation of infragravity waves towards coastal areas such as 

ports, harbours and bays, can generate oscillations in the water surfaces.  When the 

periods of incident infragravity waves approach the harbour’s natural oscillation period 
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or periods, high oscillations can be generated in the infragravity band, through 

resonance.  This results in water level fluctuations and strong horizontal currents 

within the harbour.  In such conditions, if the harbour oscillation periods coincide with 

natural period of moored vessels, harbour operations can be interrupted due to 

undesirable vessel movements. This situation further causes damage to mooring lines 

and fenders, resulting in harbour downtimes followed by significant economic losses 

(Raichlen  and Lee, 1992; Raichlen, 2002; Rabinovich, 2009).   

Certain harbours and ports around the world are known to have frequent strong 

periodic horizontal water motions (Rabinovich, 2009). Some examples are Port of 

Sines, Portugal (Gierlevsen et al., 2001), Port of Long Beach, California (Kofoed-Hansen 

et al., 2005), Hualian harbour, Taiwan (Chen et al., 2004), and Barbers Point harbour 

and Kahului harbour in Hawaii (Okihiro et al., 1993; Harkins  and Briggs, 1995; Okihiro  

and Guza, 1996).  

Few ports and harbours in Western Australia, particularly Esperance harbour (Morison  

and Imberger, 1992), Port of Geraldton (McComb et al., 2009; Johnson  and McComb, 

2011) and Two Rocks marina (Gwynne, 1993), also experience problems caused by 

long period oscillations. Identifying the problem of oscillations due to infragravity 

waves, and the causes for infragravity wave generation and existence are highly 

important in harbour design. Two Rocks marina was selected as the study site to 

investigate the oscillation problem and to identify their causes of generation in this 

study. 

1.1 Oscillations in Two Rocks Marina  

Two Rocks Marina is located on the coast of South Western Australia facing the Indian 

Ocean (Fig. 1-1 a).  It is fronted by offshore submerged reef systems and located in a 

swell dominated wave climate. Surface water area of the marina is about 0.15 km2 

with a length and width of 650 m and 260 m respectively. The average water depth is 

about 3.5 m. The surface water area was divided into two basins by the main purpose 

jetty (Fig. 1-1 b).  A detailed site description is given in Chapter 2.7. 
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Fig. 1-1. Study site (a) location of Two Rocks, (b) Two Rocks Marina (Landgate image). 

 

The marina occasionally experiences excessive water level oscillations during local 

storm events, causing undesirable condition within the marina.  To highlight problems 

associated with the Marina, a dolphin enclosure built inside the marina in 1992 was 

washed away due to strong currents generated by the oscillations within the marina. 

Based on field measurements at north basin (Fig. 1-1b), Gwynne (1993) observed two 

dominant infragravity period oscillations with periods 200 s and 55 s in the marina 

together with swell wave band of 13-17 s (Fig. 1-2). She further found that those 

oscillations correlated with offshore swell waves. In addition, her results showed 

continuous occurrence of those oscillations throughout the data collection period.  

That was the motivation for this study to analyse the oscillation problem in the marina 

and to identify causing mechanisms for continuous occurrence of infragravity period 

oscillations, with subsequent study for minimisation of the oscillation problem in 

marinas.  
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Fig. 1-2.   Power spectral density distribution of water levels at two Rocks marina (Gwynne, 

1993). 

Past studies revealed several causing mechanisms for oscillations in harbours. They are 

discussed in detail in Chapter 2. However, harbour oscillation problems in similar 

conditions and environments to Two Rocks Marina were not adequately investigated 

in the literature.   

1.2 Objective of the study 

The main objective of the study is to identify potential causing mechanisms of 

infragravity period oscillations in a marina and to find out efficient ways to minimise 

the oscillation problem.  The scope of this study is a marina of length scale <1 km with 

an average depth of 3-10 m, fronted by rapidly changing offshore topography and in a 

swell dominated wave climate.   Two Rocks Marina is selected as the representative 

harbour under these dimensions and environment.  The main objective is 

accomplished through the following three specific objectives; 

1. Identifying the dominant periods of seiches within the marina through field 

measurements and the marina response to different incident offshore wave 

conditions.   

2. Application of a numerical model, validated using field measurements, to 

identify sources of infragravity wave generation in the offshore under different 

Two Rocks Marina - Why ?

July 1993200s

55s

13-17s

Gwynne, K.,1993

• Surface water area ~ 0.15 km2

• Average depth 3.5 m

• Swell dominated wave climate

with peak wave period of 13.7 s

Negligence of marina’s 

hydrodynamic
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incident wave conditions, and investigate the influence of marina geometry on 

oscillation patterns.  

3. Assessment of idealised different harbour layouts and development of key 

parameters to minimise seiching.  

1.3 Original contribution of the study 

The study discusses the problem of infragravity period oscillations in a marina having 

length scale <1 km with an average depth of 3-10 m, fronted by rapidly changing 

offshore topography and in a swell dominated wave climate.   The knowledge gained 

through the study will help us to understand the oscillation problems in other harbours 

and marinas of similar geometry, wave climate and topographic environment.  The 

harbour oscillation problem under the above conditions has not been adequately 

addressed thus far in Western Australian coastal region according to the literature 

review. Therefore, the findings of this study will add new knowledge to 

oceanographers and coastal engineers in designing and planning of new harbours in a 

similar range of conditions.  

Outline of the thesis 

This dissertation is compiled with six chapters.  Following this introductory chapter, 

Chapter 2 presents a literature review giving an overview of the past and present 

knowledge about harbour oscillations and their generation mechanisms.  Chapters 3, 

5, and 6 are based on the three specific objectives and are presented as a compilation 

of three journal papers (published or to be submitted) in international journals.   The 

problem of infragravity period oscillations and marina response to different offshore 

wave conditions are discussed in Chapter 3.  Details of the numerical model and its 

implication to identify sources of infragravity wave generation are presented in 

Chapter 5.  Chapter 6 presents sensitivity analysis of harbour geometry to infragravity 

wave response inside the harbour. Chapter 4 includes cross-spectral analysis of 

measured data. An overall discussion and conclusions are presented in Chapter 7.  

As Chapters 3, 5 and 6 are self-contained journal papers, introductory material and site 

description will be repeated in some extent.  
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2. Literature Review 

An overview of current knowledge on harbour oscillations, their generation 

mechanisms and efforts to minimize oscillation impacts in harbours is presented in this 

chapter, together with methodology that is going to be used for the study. Information 

about the study site is also given at the end of the chapter.  

2.1 Harbour oscillations 

Harbour oscillations is a phenomenon of rhythmic vertical and horizontal movements 

that occur at the water surface of a harbour.   Periods of the oscillations in harbours 

can be in the range of few seconds to few minutes, depending on the harbour 

geometry. The natural oscillation period (NOPs), or the ‘eigen periods’ are a 

fundamental property of a harbour and depends on the harbour’s geometrical 

parameters and depth. The natural oscillation periods are independent of the external 

forcing however, magnitudes of these oscillations highly depend on the external 

energy source that generates the oscillations.  

2.1.1 Types of harbour oscillations 

Oscillations in harbours are in different types depending on the relation between the 

harbour NOPs and periods of the external forcing.  

 Free oscillations 

Free oscillations occur in a harbour when an external force disturbs the harbour 

beyond its equilibrium position. The gravity restores the oscillations further however, 

the oscillations that occurred at periods other than the NOPs of the harbour, are 

exponentially decayed due to atmospheric friction. Free oscillations that occurred right 
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at the NOPs (or the natural frequencies) of the harbour,  can persist at the same 

frequency for a longer duration without any additional forcing until the system 

eventually reaches to an equilibrium position  (Sorensen  and Thompson, 2008; 

Rabinovich, 2009). This phenomenon is known as ‘seiching’. So the seiches are the free 

oscillations occur at the NOPs of a harbour, that can persist considerably longer time, 

independent of the external forcing. 

 Forced oscillations 

Forced oscillations occur when the harbour is continuously forced with an external 

force of periods other than the harbour’s NOPs. In such situations, amplitudes of the 

oscillations depend on friction and the proximity of the external forcing frequencies to 

the natural frequencies (NOPs) of the harbour (Sorensen  and Thompson, 2008). 

Forced oscillations cannot persist longer time in absence of the external force. When 

the dominant frequencies of the external force coincide with the natural frequencies 

of the harbour, the amplitudes of the oscillations are highly amplified. This 

phenomenon is known as ‘resonance’.  

Resonance is not desirable in harbours. At resonance, berthing operations can be 

interrupted by breaking of vessel mooring systems and delaying in loading and 

unloading. When the harbour resonance frequencies coincide with the natural 

frequencies of long periodic motions of a vessel such as surge, sway and yaw (Sawaragi  

and Kubo, 1982), further resonance occur where, berthing operations are severely 

affected. As Rabinovich (2009) says, this phenomenon is known as ‘surging’ or ‘range 

action’ which is a result of a ‘triple resonance’. It is the coincidence of three 

oscillations; (1) forcing oscillations outside the harbour, (2) natural oscillations within 

the harbour and, (3) natural oscillations of a moored vessel. However, the probability 

of occurrence of such triple resonance is not very high (Rabinovich, 2009). 

Open-ocean waves, arriving at the entrance of a specific open-mouth water body ( bay, 

gulf, inlet, fjord, or harbour), normally consist of a broad frequency spectrum that 

spans the response of the water body from resonantly generated eigen free modes to 

non-resonantly forced oscillations at other frequencies. Following cessation of the 
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external forcing, forced oscillations normally decay rapidly, while free modes can 

persist for a considerable time (Rabinovich, 2009). 

2.1.2 Natural oscillation periods in different harbour basins 

Harbour oscillations are standing waves generated by incidence waves that are 

repeatedly reflected at the harbour boundaries due to geometrical effects (Van Rijn, 

1990). A structure of the standing wave system has a specific number of nodes and 

anti-nodes (Fig. 2-1) which is denoted by the ‘eigen mode number’ (Rabinovich, 2009) . 

The maximum vertical surface water motions and no horizontal currents are observed 

below the anti-nodes, whilst no vertical surface water motion and the maximum 

horizontal currents are observed below the nodes. 

 

 

 

 

 

 

 

Fig. 2-1.   Surface water profiles for the first four oscillation modes in closed basins (left 

panels), and open ended basins (right panels)   (Rabinovich, 2009)  

Positions of the nodes and anti-nodes depend on the harbour geometry, and as well as 

the type of the harbour basin, which is decided by the proportion of the harbour 

entrance width to the harbour width. However, anti-nodes are usually located at the 

reflecting boundary. 
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 Closed basins 

A basin with a  narrow entrance (ie: width of the entrance much smaller than the 

width of the basin) may be considered as a partially enclosed basin (Van Rijn, 1990).  

Surface water profiles of a standing wave for the first four modes in a closed basin are 

shown in Fig. 2-1 (left panels).  In a closed basin, the number of nodes and anti-nodes 

are equal to each other. The periods of the eigen modes (NOPs) for a rectangular 

closed basin of length, L, and uniform depth, H, are given by the Merian’s formula as 

follows (Pugh, 1987); 

     
  

    
                                                                                               

Where, ‘g’ is the acceleration due to gravity and ‘n’ is the mode number. 

Longer oscillation periods occur in basins with long lengths (increasing L) and shallow 

depths (decreasing H).  The longest natural oscillation period occurs at the 

fundamental mode where, n=1 and it is given by;  

          
  

   
                                                                                                                         

The periods at higher harmonic modes are given by integers n > 1.  

The period  T1 given by the Equation 2.2 simply  represents the elapsed time for a 

shallow water wave with speed √(gH) to travel from one end of the basin, be reflected 

and return (total distance = 2L).  Equations 2.1 and 2.2 describe oscillation periods 

when oscillations occurred along one horizontal axis in the basin.  Oscillations occur 

along both horizontal axes in a rectangular water basin, if the basin has significant 

width compared to the length (Sorensen  and Thompson, 2008), and then NOPs of this 

particular situation is given by; 

 

2/122

,
2

































l
m

L
n

gH
T mn                (2.3) 



Chapter 2: Literature Review  11 
 

 
 

Where, Tn,m  denotes the natural oscillation period, and n and m are the mode numbers 

along the longitudinal and latitudinal axes of the basin. For m = 0, equation 2.3 

becomes equivalent to the Merian’s formula (equation 2.1).  

Although not fully closed,  harbours or parts of harbours can behave much like closed 

basins under the condition of entrance width << width of the harbour (Sorensen  and 

Thompson, 2008).  

 Open-ended basin 

An open-ended (or a semi-enclosed) basin is a water body that is connected through 

one or more openings to a larger water body (Sorensen  and Thompson, 2008; 

Rabinovich, 2009). In an open-ended basin, a node always occurs at the entrance and 

an anti-node at the reflecting boundary (Fig. 2-1 right panels). The NOPs are given by;  

        
  

         
                                                                           

 

The fundamental mode in open-ended basin is given when n=0, and also  known as the 

‘Helmholtz mode’. It does not occur in a closed basin. The Helmholtz mode has a single 

nodal point at the basin entrance and a single anti-node on the opposite shore of the 

basin. Then, the equivalent wavelength will be 4L. The period at the fundamental 

(Helmholtz) mode in a open-ended basin is given by T0 = 4L/√(gH) which is double the 

period of the fundamental mode in a closed basin, T1= 2L/√(gH) (Rabinovich, 2009). 

Merian’s formula is based on the assumptions that the water body is rectangular and 

having a uniform depth or more specifically, the speed of the shallow water wave 

remains constant and is given by √(gH). Though some other analytical solutions are 

available for simple geometric shaped water bodies (Rabinovich, 2009), they all have 

significant limitations in their applications to water bodies having irregular shapes with 

varying depths where, several NOPs may exist along different axes (Pugh, 1987). 

However, for the purpose of estimating an initial order of period of the oscillations, 

those solutions are considered as satisfactory (Sorensen  and Thompson, 2008).  
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 Circular basin 

Similar to rectangle basins, the two-dimensional standing wave effect (oscillations 

occurred along both horizontal axes) could also occur in circular basins, producing 

compound or coupled seiches.  In a circular basin of uniform depth there are two 

classes of nodal lines, ‘rings’ and ‘spokes’ or diameters, and the modal structure can be 

consisted only with rings, only with spokes or with a combination of rings and spokes. 

Rabinovich (2009) presents the modal parameters and the free surface displacements 

of such modal structures for different rings and spokes combinations.  The positions of 

nodal diameters (spokes) cannot be exactly determined in a circular basin however, if 

the shape slightly deviates from a circle, these positions become clear.  

 

2.1.3 Oscillations in coupled basins 

Even though the above equations, 2.1-2.4, describe the oscillation characteristics in a 

single basin harbour, there are many harbours comprising more than one basin, in 

order to satisfy the demand of berthing facilities.  Few authors have studied 

oscillations in harbours and bays, which experience duel basin effect and have 

formulated solutions and extensions to the above basic theories to investigate 

oscillations in such conditions.  

Lee  and Raichlen (1972) have developed a coupled basin theory to analyse the 

response to periodic incident waves of an arbitrary shape harbour containing several 

interconnected basins. They have tested the theory for an irregular shape harbour and 

a harbour with two connected circular basins, and the results were in good agreement 

with the experiments. 

Port Kembla Harbour in New South Wales, Australia, comprises two basins called the 

Inner Harbour and the Outer Harbour connected with a narrow passage known as “The 

Cut”.  Luick  and Hinwood (2008) studied water level records to investigate seiche 

modes in Port Kembla, and found that the modes of oscillations were governed by the 

geometry of the harbour.  
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Asano et al. (2010) carried out field observations on seiches in Urauchi Bay of Kami-

koshiki Island, Japan. The bay is prone to seiches because of its unique T-shaped 

configuration.  The analysed data showed that the oscillations of the bay   have two 

distinct modes predominantly governed by the geometry of the bay.    

In such harbour or bay geometries, complex modal structure of oscillations exists due 

to the energy exchange among modes.  Single basin or coupled basin modes or their 

combination could appear by supper positioning of the individual basin responses to 

generate the resultant response of the entire harbour system.  

 

2.1.4 Two Rocks Marina basin 

In Two Rocks Marina, the main jetty divides the basin approximately into two basins as 

north basin and south basin however, the south basin itself could be considered as the 

primary basin while the north basin is regarded as the secondary basin in terms of the 

size (Fig. 2-6b). Having comprised two linked basins, the marina geometry probably 

permits for complex oscillation patterns as indicated by the above past studies.  

The width of the marina entrance is much smaller than the width of the basin, making 

the ratio between them ~0.17 (<< 1). Therefore, the basin may predominantly behave 

as a partially enclosed basin (Van Rijn, 1990). Due to its ‘near circular’ shape, several 

axes of oscillation (spokes) may occur in the south basin.  In addition, strong 

oscillations can occur in the north basin due to its long and narrow shape. However, 

the analytical equations described in Section 2.1.2 can be used to estimate NOPs and 

their harmonics in each basin only for comparing it with dominant periods given by the 

field data.  

 

2.2 Generation mechanisms of oscillations in harbours 

Excitation of oscillations in harbours has been observed in response to various 

generation mechanisms including seismic activities, atmospheric effects and nonlinear 

interaction of wind generated short waves (Fig. 2-2). 
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2.2.1 Harbour oscillations generated through seismic activities 

Tsunamis are very long period waves, periods in the order of few minutes to few 

hours, generated through seismic activities such as underwater earthquakes, 

submarine landslides and underwater volcanic eruptions (Monserrat et al., 2006; 

Cummins et al., 2009; Rabinovich, 2009). During propagation towards coast, bays and 

harbours, their wave heights increase and can cause extensive devastation through 

inundation (Gilmour, 1990; Chen  and Mei, 2005; Hinwood  and McLean, 2013), and 

subsequent strong seiches (free oscillations) can persist for few days (Rabinovich, 

2009).  

Lepelletier (1980) investigated two such harbour oscillations induced by tsunamis 

using tide gauge recordings at Honolulu (Hawaii) and Mokuoloe Island (near Oahu 

Island, Hawaii) for Chile Tsunami in 1960 and Alaska Tsunami in 1964. Those records 

showed that for a given tsunami, the wave response at two sites (less than 50 km 

apart) can be widely different in both the wave amplitude and the energy frequency 

distribution.  For a given location, the records also showed that the shape of the 

oscillations tends to be similar for different tsunamis suggesting that the geometry of 

the local water body governs the wave response. Similar results were observed by Xing 

et al., (2010), in their field measurement study at Crescent City Harbour region in 

northern California and the Los Angeles/Long Beach Harbour  in southern California. 

In addition to tsunamis generated through seismic activities, seiche modes of a 

harbour can be excited by tsunamis generated through landslides. A landslide-

generated tsunami was occurred on 3rd November 1994, in Skagway Harbour, Alaska. 

The subsequent studies showed that the tsunami was generated by an underwater 

landslide formed during the collapse of a wharf undergoing construction (Kulikov et al., 

1996). The event was capable of generating wave motions with 1 m amplitude and a 

period of 3 minutes resulting cross-inlet seiche and quarter-wave resonance within the 

harbour. Landslide-generated impact waves usually include components with solitary 

wave characteristics and components with dispersive wave characteristics, and the 

solitary wave characteristics have the potential of exciting oscillations in harbours 

(Dong et al., 2010).  
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Fig. 2-2. Main forcing mechanisms of generating long ocean waves (Rabinovich, 2009) 

 
Tsunami waves become destructive during propagating shallow water with different 

topographic features.  The devastations are mainly due to the combination of 

topographic effects and source effects that generated the tsunami. In a study carried 

out in three tsunami affected sites, Rabinovich (1997) introduced an approach to 

separate the source and topography effects. It enables to identify the characteristics of 

the tsunami source independent of the local topography effect.  

 

2.2.2 Harbour oscillations generated through atmospheric processes 

Atmospheric processes such as atmospheric gravity waves, pressure jumps, frontal 

passages, squalls; mostly generate oscillations in harbours with periods ranging from 

about 10 to 100 minutes. Giese and Chapman (1993) defined these oscillations as 
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‘coastal seiches’. These oscillations have been theoretically studied (Akylas, 1984) and 

their existence has been identified through several case studies.   

A study of low-frequency seiches of the Table Bay, Cape Town South Africa was carried 

out by Wilson (Wilson, 1954).  The study showed a positive correlation between their 

occurrence at Table Bay and Port Elizabeth and simultaneous barometric oscillations in 

the air mass overlying both sites, causing dangerously powerful fluxing of water 

through the entrances to harbours.  

Seiche characteristics of Rotterdam Harbour  Netherlands was studied by De Jong and 

Battjes (2004).  They found that seiches of periods 85-100 min, in the harbour was a 

result of long waves that were generated through moving atmospheric convection cells 

arise over the North Sea.  

Vilibic and Mihanovic´ (2003) examined the occurrence of Proudman resonance in 

front of the Split harbour  Croatia. In this mechanism, the effect of coinciding the 

speed of atmospheric waves with the long wave speed in the open sea amplifies waves 

propagating towards the coast.   Additional amplification occurs in a harbour, when 

the period of Proudman resonance coincides with the natural period of the harbour. 

They observed strong oscillations in front of the harbour in the period range 7-28 min, 

because of incoming atmospheric waves in Adriatic Sea, however, there was no sign of 

harbour resonance as the periods of harbour seiches were lower than the above 

period range. In another study in Ploče harbour in Adriatic Sea, Vilibic and Mihanovic´ 

(2005) found that the Proudman resonance generates fundamental harbour seiche 

with a period of 30 min and an amplitude up to 25 cm. 

Sea level oscillations known as ‘Rissaga’ regularly occur in many bays and harbours of 

the Catalan and Valencian coasts of the Iberian Peninsula, and on the coast of the 

Balearic Islands. During late spring and summer, rissaga waves are generated through 

high-frequency atmospheric pressure disturbances in the western Mediterranean. In 

Ciutadella Harbour, rissaga events have typical period of 10.5 min (Rabinovich, 2009).  

Large oscillations of water level occur in Nagasaki Bay Japan are known as ‘Abiki’.  They 

are frequently observed in winter. Long-period oceanic waves induced by travelling 
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pressure disturbance resonantly amplify seiches in Nagasaki Bay at periods 23 and 36 

min (Hibiya  and Kajiura, 1982).  

It has been recently found that the south-west Australian coast is frequently affected 

by meteotsunamis that may have been generated through Proudman resonance 

(Pattiaratchi  and Wijeratne, 2014). A single meteorological event was found to 

generate several meteotsunamis along the coast as the air pressure disturbance 

travelled over the continental shelf.  Even though the source of the meteotsunami is 

the same, the resonance characteristics of each site depend on the local topography. 

The oscillations generated by the above mechanisms are mostly above 10 minutes (Fig. 

2-2) and therefore, harbours with small geometries are not usually vulnerable for 

oscillations at resonance condition in this order because their natural periods generally 

below 10 minutes (Sorensen  and Thompson, 2008).  

 

2.2.3 Harbour oscillations generated by non-linear interaction of wind waves 

Non-linear interaction of wind waves generates long waves called infragravity waves 

(Bowen  and Huntley, 1984). They have periods and length in the ranges of 25-300 s 

and 100 m-10 km respectively (Rabinovich, 2009). In a harbour with sides on the order 

of 500 m in length and depths on the order of 10 m, the NOPs are on the order of few 

minutes (Harkins  and Briggs, 1995), and they mostly coincide with the infragravity 

waves with typical periods of 25 to 300 s (Wu  and Liu, 1990).    

Infragravity period oscillations in harbours are generated through various generation 

mechanisms of infragravity waves.  It will be discussed in Section 2.4, after the 

discussion of the generation and classification of infragravity waves.  

 

2.3 Infragravity waves 

Ocean surface waves can be classified into different bands in a frequency domain. 

They have different disturbing forces for generation, and restoring forces for 

propagation. General form of their relative energy distribution in the frequency 
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domain is shown in Fig. 2-3.  Energy in most ocean waves originates from the 

disturbing force made by wind blowing over the ocean surface, and they propagate 

across the ocean due to the restoring force of gravity. A major part of the energy is 

accumulated under the broad-banded (1-30 s) gravity waves (or wind waves), while 

very sharp and narrow-banded (12 hr and 24 hr) tidal waves also contribute for 

relatively high energies (Kinsman, 1965; Giese  and Chapman, 1993).  

Waves in between the above two wave bands have periods in the range of 25-300 s, 

and have a relatively low energy. They are generally known as a part of long waves 

however, after Kinsman (1965), they are specifically named as ‘infragravity waves’, 

same as infrared in the light spectrum.   

 

Fig. 2-3.  Schematic representation of the energy contained in the surface waves of the ocean 

(Kinsman, 1965). 

 

2.3.1 Generation and classification of infragravity waves 

Infragravity waves are generated through nonlinear interactions among wind or swell 

waves, by transferring energy from high frequency waves to low frequency waves 

(Gallagher, 1971). It has been found that they significantly dominate the near shore 

velocity field (Bowen  and Huntley, 1984) and hence, can be very energetic close to 

shore (Herbers et al., 1994; Herbers et al., 1995b) 
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The classification of infragravity waves is mainly based on their generation 

mechanisms. Some of these generation mechanisms of infragravity waves are 

schematically illustrated in Fig. 2-4.  

  

Fig. 2-4.    Generation mechanisms of infragravity waves in the coastal zone (Rabinovich, 2009) 

 

 Bound infragravity waves 

Swell waves propagating towards shore; tend to travel as well defined sets of waves 

with narrow frequency bands called ‘wave groups’. A wave group is a finite series of 

individual waves with a wave front and a wave end propagating same direction in a 

random wave field with the group velocity (Van Rijn, 1990).  

One effect of wave grouping is to create set-down beneath wave groups.  The 

mechanism producing set-down begins with the variation of the water particle 

velocity, which higher in groups of high waves and smaller in between the groups.   

This result in a decrease of the water pressure beneath groups of high waves 

compared with the pressure in between the groups.  Under a constant air pressure, 

consequently the mean sea level is depressed beneath the high wave groups and 
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corresponding rise in the mean sea level occurs in between the groups in low wave 

heights (Bowers, 1977) as shown in Fig. 2-5.  This variation in mean sea levels induces a 

wavelike flow called ‘bound’ long waves or bound infragravity waves, as they are 

locked to the wave group. This mechanism can also be explained in terms of radiation 

stress gradient changes in high and low wave groups as shown by Longuet-Higgins 

(1964). The generated bound infragravity wave is 180◦ out of phase with the incident 

wave group. It has the same periodicity and the same lengths as the wave group and 

travels with the group velocity of swell waves, which is significantly smaller than the 

phase velocity of waves with the same frequencies (Rabinovich, 2009).  

 

Fig.2-5.    Profile of bound long wave, shown in red (Kularatne, 2006) 

 

 Free infragravity waves 

Tucker (1950) observed that offshore records of wave pressure on the sea-bed often 

show an existence of longer waves of 2-3 minutes periods, when presence of swell 

waves. He suggested that these long waves may be caused by the mass-transport 

associated with the breaking of high swell wave groups (Longuet-Higgins, 1962).  As a 

wave group reaches to the breaker zone, the bound long waves locked to the wave 

group are released from the group as free long waves (or free infragravity waves), 

radiating one elevation in shoreward and another in seawards, leaving a depression in 

between. The shoreward elevations, having reflected at the beach and again 

propagate out to sea, establishing a sequence of elevations and depressions (Tucker, 

1950).  It creates a field of standing waves consisting of free long waves. The 

mechanism of creating these consecutive elevations and depressions in mean sea level 

was first observed by Munk (1949) and he called it as ‘surf beats’  



Chapter 2: Literature Review  21 
 

 
 

 Free leaky and edge infragravity waves 

After reflection at the shoreline, the released free long waves propagate in a seaward 

direction and may radiate into deep ocean as free leaky waves or remain refractivity 

trapped to the shore as edge waves (Huntley, 1976; List, 1992; Herbers et al., 1995a; 

Ruessink, 1998).  Free edge waves have a spatial variation of amplitude which is 

sinusoidal along shore and exponentially decaying in the offshore direction (Huntley, 

1976).  

There are a number of observations of wave conditions near the shore that suggest 

both free leaky waves and free edge waves are important components of this 

infragravity frequency motion (Huntley, 1976; Bowen  and Huntley, 1984; Elgar et al., 

1992),  especially the free edge waves which contribute for a significant proportion of 

the total energy of the low-frequency motion (Huntley, 1981; Bowen  and Huntley, 

1984; Okihiro et al., 1992; Ruessink, 1998).  Gallagher (1971) demonstrated that under 

certain conditions, these free edge waves can be excited by the incident wave groups.  

This mechanism was further discussed by Bowen and Guza (1978) who concluded from 

laboratory evidence that surf beats are predominantly a free edge wave phenomenon  

(Holman, 1981). 

 Free infragravity waves at time-varying breaker line 

In contrast to the fix breaker line mechanism of Longuet-Higgins and Stewart (1962), 

another mechanism for the generation of free leaky waves  is the time-varying position 

of the breaker line induced by the group of incident short waves (Symonds, 1982).  It 

results in setting up oscillations on the time scale of the incident wave groups. List 

(1992) proposed a model to separate two modes of free leaky wave forcing 

mechanisms which are in the:  

1. inshore of the forcing zone - the superposition of the land-ward radiated wave 

and its shore-line reflection creates a standing free wave and,  

2. in the region offshore from the forcing region - it contains the superposition of 

the two progressive waves; one radiated seaward directly from the forcing 

zone and one radiated seaward from the shoreline reflection.  
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In combination with the previous works of Longuet-Higgins and Stewart (1962) and 

Symonds et al. (1982), it has been suggested that the breakpoint variability may be the 

dominant forcing mechanism during storm conditions with steep incident short waves 

whereas, released and reflected bound long waves (Longuet-Higgins and Stewart 

mechanism) dominate  conditions with milder long-period swell waves (Baldock  and 

Huntley, 2002; Baldock, 2006).  

 Free infragravity waves over uneven topography 

Liu (1989) showed that free infragravity waves can be generated due to the refraction 

of wave groups propagating over uneven topography.  Several later studies also 

identified the generation of free infragravity waves due to 

o breaking of wave groups (Nakamura  and Katoh, 1993),  

o refraction of short wave groups over an uneven topography (Janssen et al., 

2003; Thomson, 2006; Zou, 2011)  and,  

o refraction of short wave groups over a shallow reef (Péquignet et al., 2009; 

Nwogu  and Demirbilek, 2010).   

 

2.3.2 Infragravity wave generation in the study area 

Wave climate in the study region is dominated by swell waves with 40 year mean peak 

wave period of 13.7 s (Bosserelle et al., 2012). This fact indicates that the study region 

has swell wave grouping characteristics, which could generate bound infragravity 

waves associated to swell wave groups.  

The study site Two Rocks Marina, is fronted by two offshore-submerged reef systems 

located parallel to the coastline. The above studies indicate that in regions of complex 

topography, such as those with offshore reef systems, there is a potential of 

generating free infragravity wave energy while swell waves propagate across   the 

offshore submerged reef systems.  McComb et al. (2009) found that offshore 

Geraldton (~360 km north of Two Rocks Marina), majority of the infragravity wave 

energy was generated during swell wave transformations over a 3 km wide reef 

platform located offshore.  
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2.4 Effect of infragravity waves on harbour oscillations 

Propagation of infragravity waves towards coastal areas such as ports, harbours and 

bays, can generate oscillations in the water surfaces. When the periods of incident 

infragravity waves close to the harbour’s natural oscillation period or periods, higher 

amplitude oscillations can be generated in the infragravity period band through 

resonance. Extensive studies; based on field investigations, mathematical modelling, 

and laboratory experiments and as well as empirical formulations have been carried 

out to investigate the infragravity wave effects on harbour oscillations in infragravity 

period band.  

2.4.1 Effect of bound infragravity waves 

Being the first who attributed bound infragravity waves to harbour oscillations, Bowers 

(1977) showed that the natural periods of a harbour can be excited by bound 

infragravity waves associated with wave groups without breaking the primary wave 

group.  These findings have been subsequently confirmed with field observations in 

relation to various case studies where strong correlation was observed between 

infragravity waves inside harbour and swell waves outside harbour. Few examples are: 

Esperance harbour in Australia (Morison  and Imberger, 1992), Barbers Point harbour 

and Kahului harbour in Hawaii (Okihiro et al., 1993; Harkins  and Briggs, 1995; Okihiro  

and Guza, 1996), and Oceanside harbour in Southern California (Okihiro  and Guza, 

1996). 

2.4.2 Effect of free infragravity waves 

After Bowers, later studies showed that free long waves (both leaky waves and edge 

waves), generated through collapsing of swell wave groups on a beach, could also be 

responsible for exciting the natural oscillation periods of a harbour (Mei  and Agnon, 

1989; Wu  and Liu, 1990; Chen et al., 2004). This has also been proved through 

subsequent case studies in Port Kembla Harbour in Australia (Luick  and Hinwood, 

2008) and Hua-Lien Harbour in Taiwan (Chen et al., 2004).  
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2.4.3 Oscillations in storm events 

For both bound and free infragravity waves, the primary energy source is the narrow 

banded regular and uni-directional swell waves (Okihiro  and Guza, 1996). However, 

sea surface elevation spectra are not always regular and narrow banded. They are 

characterized by broad banded wind induced short waves, which are highly directional 

and irregular (random), especially during storm events. It has been analytically proven 

that the infragravity period oscillations in harbours can also be induced by such storm 

events where the wave periods are much shorter, ~ 10 s, (Mei  and Agnon, 1989; Chen  

and Mei, 2005; Chen  and Mei, 2006; Chen et al., 2006).  In such conditions, 

infragravity wave actions are dramatically increased (Nakamura  and Katoh, 1993), and 

hence dominate wave energy spectra in the surf zone, which in turn can excite natural 

periods of harbours in the similar frequency range.  Using field observations during 

storm and calm wave conditions at Martinique Beach, Nova Scotia,  Holman et al. 

(1978) showed significant increase in infragravity wave energy during the storm event, 

similar to the observation of  Nakamura and Katoh.  In the study at Muko harbour in 

Korea, Jeong et al. (1997) showed  several long period oscillations were resonantly 

amplified during the storm event. Similar results were obtained by De Girolamo (1996) 

who carried out laboratory experiments to investigate harbour oscillations during 

storm events. 

2.4.4 Causes of oscillations in Two Rocks Marina 

In Gwynne’s (1993) study, she noticed two dominant infragravity period oscillations 

with periods 200 s and 55 s in the marina together with swell wave band of 13-17 s 

(Fig. 1-2). She further found that those oscillations correlated with offshore swell 

waves, and hence marina oscillations were triggered through bound infragravity 

waves.     

Free infragravity waves generated over the offshore submerged reef may also setup 

oscillations in the marina similar to the study of Port Geraldton by McComb et al. 

(2009) 

In addition, the area   reportedly experiences about 30 storms a year, with associated 

mean offshore significant wave height values > 4 m (Lemm et al., 1999). In such 
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situation, oscillations in Two Rocks Marina may be induced during these storm events 

as indicated by the studies in Section 2.4.3. 

 

2.5 Minimisation of oscillations in harbours 

Oscillations in harbours cause interruption to berthing operations through undesirable 

vessel movements due to excessive water motions,  further resulting in harbour down-

time followed by economic losses (Raichlen, 2002; McComb et al., 2005; Van der 

Molen et al., 2006; Rabinovich, 2009; Uzaki et al., 2010). Therefore, it is essential to 

minimise harbour oscillations in all aspects for efficient harbour operations. Impacts of 

infragravity period oscillations in harbour operations can be minimized by changing the 

harbour geometry and/or by artificially increasing the internal energy dissipation.   

2.5.1 Effect of harbour geometry 

Harbours are protected against short waves (<15s) by construction of breakwaters 

providing narrow entrances. However, narrowing the harbour entrance leads to 

energy amplification of resonant modes (25-300 s) inside the harbour.  Miles and 

Munk (1961) referred this  phenomenon as ‘harbour paradox’.  

However, subsequent studies have indicated that the ‘harbour paradox’ phenomenon 

only affects the Helmholtz mode while the energy of higher modes are dampened by  

frictional and nonlinear factors which have not been accounted in the theory behind 

the ‘harbour paradox’ concept. Further studies also have shown that, when the 

internal damping is higher than the energy radiation through the entrance, further 

narrowing of the entrance does not result to increase seiche amplitudes. (Rabinovich, 

2009).  

Natural oscillation periods (NOPs) and level of energy damping (also known as ‘Q-

factor’) are two properties of a harbour which defined by the harbour geometry 

(Sorensen  and Thompson, 2008). Harbour geometry ie length, depth, entrance width 

and average depth are the basic geometric parameters that regulate wave response 

within a harbour to external wave conditions. Modifications to harbour geometry can 
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significantly change NOPs and Q factor to enhance harbour efficiency (Rabinovich, 

2009).  

Relationships of basic geometric parameters of a harbour basin are given by; 

  Aspect ratio      Llq /           (2.5) 

Aperture ratio   lb /         (2.6) 

Where l is the width of the basin, L is the length of the basin and b is the width of the 

entrance.  The relationship between L and H (the average depth of the harbour) to the 

oscillation period in a closed basing is given by the equation 2.1 and 2.3 in Section 

2.1.2.  

For a rectangular basin of uniform depth and entirely open mouth ( 0.1/  lb ), the 

Q-factor is given by; 

l
LQ          (2.7)

   

Which is inversely proportional to the aspect ratio Llq / . This means that long and 

narrow shaped harbours generally have high Q factors, which cause less energy 

damping within the harbour resulting strong amplification of incoming waves 

(Rabinovich, 2009). Raichlen and Lee (1992) prepared a practical guide for assessing 

wave amplification for a wide range of  q and   values in a semi-enclosed rectangular 

harbour with a symmetric entrance.  

2.5.2 Effect of harbour shape 

Derun and Isobe (2004) tested several idealized harbour shapes (“I”, “L”, “T”, “F” and 

“Y”) using a numerical model. Having compared the energy amplification in each 

shape, they found that harbours of complicated shapes generate less oscillation than 

simple shaped harbours because of their efficiency in energy dissipation. Similar study 

was also carried out by Kakinuma et al.(2009) who compared energy damping 

processes of “T” shape harbour with an actual situation of Urauchi Bay in Japan.  
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Effects of harbour geometry and shape in oscillations have been investigated in many 

existing harbours and they have been further compared after introducing appropriate 

countermeasures. Few examples are: Torsminde harbour in Denmark and Port of Long 

Beach in California (Kofoed-Hansen et al., 2005), Port of Geraldton in Australia 

(McComb et al., 2009; Johnson  and McComb, 2011), Port of Sines in Portugal 

(Gierlevsen et al., 2001), and Beirut Central District Western Marina in Lebanon 

(Kofoed-Hansen et al., 2001). 

2.5.3 Energy dissipation inside harbour 

Energy in a harbour dissipates mainly through two processes; wave radiation through 

the entrance and internal harbour dissipation (friction) within the harbour (Rabinovich, 

2009). Wave radiation through entrance has limitations on the entrance width due to 

navigational purposes and wave disturbance. In such conditions, artificially increasing 

in internal energy dissipation is an efficient way to reduce oscillations.   

Application of wave absorbers such as porous type structures is one of the energy 

dissipation actions in harbours. Nakajima et al. (2013) have tested upright wave 

absorbing blocks which act as energy traps, hence decrease reflected wave energy into 

the harbour. Similarly, providing mild sloped dissipative beaches in front of the 

harbour entrance to absorb energy of incoming waves, and providing side channel 

resonators with dimensions corresponding to the periods of incident infragravity 

waves are some other measures to dissipate incoming wave energy within the 

harbour.  

 

2.5.4 Harbour oscillations and background infragravity waves 

NOPs of a harbour are excited when the NOPs coincide with periods of infragravity 

waves outside the harbour through resonance. This coincidence can be eliminated by 

choosing of an appropriate harbour layout or modification scheme.   

There have been large number of studies  carried out to investigate infragravity period 

wave aggitation in existing harbours (Bellotti et al., 2012a; Bellotti et al., 2012b), in 

designing new harbours (Kofoed-Hansen et al., 2001), and in modifying existing 
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harbour geometries (Gierlevsen et al., 2001; Kofoed-Hansen et al., 2005; McComb et 

al., 2009; Johnson  and McComb, 2011). Both in new harbours and modifying existing 

harbours, the general procedure is to check several harbour layouts for wave 

disturbance under different wave conditions, which demands long hours of modeling 

time.  However, none of these studies have considered the periodicity of infragravity 

waves outside the harbour, and their relationship to the NOPs of the modified or 

proposed harbour.  Setting up a methodology to estimate harbour dimensions that do 

not contribute NOPs  to coinside with infragravity wave periods outside the harbour 

would therefore be of imprtance as it may reduce design time incorperated in present 

harbour design procedures.  

 

2.6 Numerical modelling of waves in and around harbours  

There have been large number of studies carried out using numerical models to  

investigate seiches and oscillations in harbours (Olsen  and Hwang, 1971; Raichlen et 

al., 1983; Rabinovich et al., 1999; Fine et al., 2008; Jonsson et al., 2008). Numerical 

models have been used to estimate natural oscillation periods of basins (Bellotti, 2007) 

and most importantly to study spatial distribution of water level changes (or wave 

energy distribution) for different modes over basins. These analyses are useful in 

examining existing harbours (Bellotti et al., 2012 a, b),   modifying existing harbours 

and ports (Botes et al., 1982; Botes et al., 1984; Briggs et al., 1994; Gierlevsen et al., 

2001),  and designing new harbours (Kofoed-Hansen et al., 2001).  

Several different numerical models have been developed and used to simulate wave 

propagation and transformation in and around harbours.   Depending on assumptions, 

applicability of these models is limited to particular conditions. For example: spectral 

wind-wave models for wave propagation dominated by the processes of wind input, 

shoaling and refraction; Helmholtz equation models for wave agitation and harbour 

resonance in constant water depths  (Lee, 1971); mild-slope models for wave agitation 

and harbour resonance in varying water depths (Lee, 1998; Lee, 2010; Xing et al., 2010) 

and Boussinesq models for nonlinear wave transformation in shallow water (Abbott et 
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al., 1978). However, these models have been improved and applied in cases beyond 

the limits. 

Spectral wind-wave models such as SWAN (TU Delft) and STWAVE (U.S. Army Corps of 

Engineers) are phase-averaged models, which assume phase-averaged wave 

properties do not rapidly vary over distances of the order of a wavelength. Therefore, 

these models are fast and efficient in simulating wave propagation over large open 

coastal areas however, they cannot accurately resolve rapid variations occurred at sub-

wavelength scales caused by wave reflection and diffraction. In contrast, models based 

on the mild-slope equation and Boussinesq equations are phase resolving models, 

which better suited for problems involving wave reflection and diffraction occurred in 

coastal entrances and harbours (Nwogu  and Demirbilek, 2001). 

Both mild-slope equation and Boussinesq equations are vertically integrated equations 

for wave propagation in the two-dimensional horizontal plane (Nwogu  and 

Demirbilek, 2001). The mild-slope equation can determine the motion of linear 

monochromatic waves in areas of moderate bottom slope, and is preferable for 

studies of harbour resonance and wave-induced currents in the surf zone (Madsen  

and Larsen, 1987). Boussinesq equations on the other hand, can simulate the 

transformation of directional irregular nonlinear wave trains, due to the inclusion of 

frequency and amplitude dispersion, and it is therefore preferable for determining the 

short-wave disturbance in harbours where it is essential to simulate nonlinear irregular 

wave trains  (Madsen  and Larsen, 1987; Madsen et al., 1991).  

2.6.1 Boussinesq-type numerical models 

The Boussinesq equations include nonlinearity as well as frequency dispersion 

(Madsen et al., 1991). The applicability of the equations is limited to shallow water 

areas however, the equations have been modified for extended applications.    

Nwogu (1993) extended the range of Boussinesq equations’ applicability to deep water 

by recasting the equations in terms of the depth-integrated velocity, instead of the 

depth-averaged velocity variable in the classical Boussinesq equations. Nwogu and 

Demirbilek (2001) developed a comprehensive numerical model BOUSS-2D based on a 

time-domain solution of Boussinesq-type equations. The BOUSS-2D was validated with 
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a range of coastal and harbour related phenomena and hence capable of accurately 

simulating nonlinear generation of long waves by storm waves propagating from deep 

water to shallow water, diffraction of short and long period waves into harbours, and 

resonant amplification of long waves inside harbours. Boussinesq models perform 

reasonably well particularly in shallow fringing reefs.  The models can   describe 

complex wave transformation process such as; variation of the wave height and mean 

water level across the reef profile, changes to wave spectrum due to wave breaking, 

nonlinear energy transfer to infragravity band, and trapped infragravity oscillations 

over the reef flat (Nwogu  and Demirbilek, 2010).  

A new form of the Boussinesq equations were introduced by Madsen et al. (1991), in 

order to improve the frequency dispersion characteristics. The new equations made 

less restrictive the depth-limitations of the classical form of Boussinesq equations, and 

made possible to simulate the propagation of irregular wave trains travelling from 

deep water to shallow water.  MIKE 21 BW model was developed based on the 

numerical solution of these new Boussinesq equations (Madsen et al., 1991; Madsen  

and Sørensen, 1992; Madsen et al., 1997 a; Madsen et al., 1997 b; Sørensen et al., 

1998; Sørensen et al., 2004). The model is capable of reproducing the combined 

effects of wave phenomena including shoaling, refraction, diffraction, wave braking, 

wave transmission, nonlinear wave-wave interactions, and frequency and directional 

spreading. In addition, MIKE 21 BW can model phenomena like; wave grouping, surf 

beats, generation of low-frequency oscillations; which are important for harbour 

resonance, seiching and coastal processes (DHI, 2009 a).  

2.6.2 Enhanced Boussinesq equations 

MIKE 21 BW model solves the enhanced Boussinesq equations expressed in one or two 

horizontal dimensions in terms of the free surface elevation, η, and the depth-

integrated velocity components (the flux density), P and Q (Madsen et al., 1997 a; DHI, 

2009 a). The basic equations including wave breaking and varying bathymetry can be 

written as follows;  
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For continuity;  
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 Y momentum;  
 

 
  

  
 

 

  
 
  

 
  

 

  
 
  

 
  

    

  
 

    

  
   

  

  
    

  

 
   

            (2.10) 

The terms Rxx, Rxy and Ryy account for the excess momentum originating from the 

non-uniform velocity distribution due to the presence of the roller and they are 

defined by; 
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   and    are the dispersive Boussinesq type terms (Peregrine, 1967; Madsen  and 

Sørensen, 1992) which defined by; 
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Fig. 2-6.   Cross section sketch of a breaking wave and assumed vertical profile of the 

horizontal particle velocity components (Madsen et al., 1997 a). 

 

The symbols are; 

P flux density in the x-direction, m3/m/s 

Q flux density in the y-direction, m3/m/s 

B Boussinesq dispersion factor 

   surface water level above datum, m 

d instantaneous depth (=h+   , m  

h still water depth, m 

g gravitational acceleration (=9.81 m/s2)  

δ thickness of the surface roller (δ= δ(t,x,y)) 

cx,cy components of the roller celerity, m/s 

τx, τy bottom friction, N/m2 

ρ density of sea water, kg/m3  
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During the process of wave breaking, the basic principle is that the surface roller is 

considered as a volume of water being carried by the wave with the wave celerity 

(Svendsen, 1984).  It is also assumed that this wave motion results in the vertical 

distribution of the horizontal particle velocity (Fig. 2-6) 

 

2.6.3 Enhanced Boussinesq model application for the current study 

MIKE 21 BW model has been used to model long wave agitation in and around number 

of harbours and ports (Gierlevsen et al., 2001; Kofoed-Hansen et al., 2005; Kofoed-

Hansen et al., 2001). Two Rocks Marina is located in a region with complex 

topographic features such as offshore-submerged reefs and submerged isolated rock 

patches. MIKE 21 BW model can be used to simulate the wave propagation from deep 

water to shallow water in Two Rocks Marina area with the inclusion of wave breaking 

as mentioned in the previous section (Section 2.6.2).  However, a large model domain 

would be required in order to include the offshore-submerged reefs, and to get 

accurate results of wave transformation over the offshore-submerged reefs. 

Even though the model accurately reproduces nonlinear wave- wave and wave-

topography interactions, which should essentially be modelled in harbour resonance 

studies, the longer modelling time demands by the model is a major drawback 

(Kofoed-Hansen et al., 2005).   In modelling with large domains including complex 

topographic features, the modelling time could be few days depending on the capacity 

of the computer. In such condition, reasonable compromise must be considered 

between the model time and the reliability of the model results with the inclusion of 

the complex bathymetry (Johnson  and McComb, 2011).  However, the modelling time 

could be reduced by using powerful computers.   
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2.7 Study site 

Two Rocks marina is located in south western Australia facing to Indian Ocean (Fig. 2-

6). The marina has an average water depth of 3.5 m to mean sea level (MSL) and the 

approximate surface water area of ~ 0.15 km2 with a length and width of 650 m and 

260 m respectively.  The marina is delineated by two breakwaters of 65 m and 20 m 

long at west and north directions respectively (Fig. 2-6b).  

 

Fig. 2-7. (a) Map of study area showing the locations of Two Rocks and the offshore waverider 

buoy near Rottnest Island, (b) Two Rocks Marina 

The surface water area is divided into two basins by the projected land area which is 

been used as a multipurpose jetty. The marina provides berthing facilities for about 

125 small vessels (15 m long) including fishing and recreational vessels all round the 

year.  The north basin is long and narrow and can occupy nearly half of the total 

vessels. The south basin is approximately circular. It is not fully utilized yet, and 

reserved for future expansion of berthing facilities (Fig. 2-6b).  
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2.7.1 Wave climate 

The offshore wave climate is characterized by swell waves with a 40 year mean 

significant wave height (Hs) of 2.14 m and a peak wave period of 13.7 s with respect to 

Rottnest Island data (Fig. 2-6a) (Bosserelle et al., 2012). 

Western Australian coastal region experiences about 30 storms a year, with associated 

mean offshore Hs values of more than 4 m (Lemm et al., 1999). Swell waves in the 

coastal region are caused by distant storms and have relatively high grouping 

characteristics, resulting high level of infragravity wave generation (Gwynne, 1993).  

This region mainly experiences diurnal, micro tidal conditions and has a mean tidal 

range of ~0.5-0.8 m (Haigh et al., 2011). It also experiences a sea level variability of 

~0.20 m at different time scales from nodal tides (18.6-year cycle), seasonal and inter-

annual variability, and continental shelf seiches (~2–4 hours)(Pattiaratchi  and Eliot, 

2008; Pattiaratchi, 2011).  

2.7.2 Bathymetry 

The bathymetry offshore of the marina location consists of primary and secondary 

submerged limestone reefs (Searle  and Semeniuk, 1985; Masselink  and Pattiaratchi, 

2001 a). They are located parallel to the coastline at distances of ~4.7 and 3.2 km 

offshore from the shoreline respectively (Fig. 2-7). The crest level of the reef systems 

varies 4 to 7 m below MSL. These reef systems act as obstructions to the incoming 

swell waves by attenuating the wave height 30-70% inshore relative to outside the reef 

(Masselink  and Pattiaratchi, 2001 b). This reef formation is present along the south-

western Australian offshore region over an approximate length of 470 km. The 

neighbouring coastline is characterized by dissipative sandy beaches (Gwynne, 1993).   
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Dept. of Marine and Harbours WA

 

Fig. 2-8.     Bathymetry of the marina site showing the neighbouring submerge reef systems 

(Department of Marine and Harbours map)  

 

2.8 Concluding remarks 

The chapter presented the current knowledge of harbour oscillations, their generation 

and countermeasures of minimizing oscillation impacts in harbours, together with a 

description of the study site Two Rocks Marina. The following facts were revealed by 

the literature review; 

 Two rocks marina is a small marina of length scale <1 km and an average depth 

of 3-10 m, and with surface water area < 1 km2.  The marina is located in a swell 

dominated wave climate and fronted by offshore-submerged reef systems. 

Generation of oscillations of a harbour in such a combination of geometry, 

waves and topography has not been adequately investigated in Western 

Australia. Therefore, it is important to investigate infragravity wave generation 

around a harbour located in the above environment, and to identify causes of 

infragravity period oscillations within such a harbour.  
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 Even though studies for minimizing infragravity period oscillations in harbours 

have been described,   none of these studies pays attention to infragravity 

wave periods around harbour and the coincidence of those periods with 

harbour’s natural oscillation periods. It is important to study infragravity waves 

in a proposed or an existing harbour site in order to decide harbour’s geometry 

to avoid or minimize infragravity period oscillations in the harbour.  

2.8.1 Structure of the study 

Having reviewed literature, a schematic was established for the entire study including 

the three objectives (Fig. 2-9). The figure illustrates the flow of the study and the 

connectivity of the objectives. Research methods and analytical tools, which were 

adopted for each objective, will be described in detail in the relevant chapters. 
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Fig. 2-9.  Conceptual framework for the study 
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3. Observations of infragravity period 

oscillations in Two Rocks Marina 

Summary 

Surface water levels were measured in Two Rocks Marina, Western Australia, to 

investigate infragravity period (25–300 s) oscillations (seiches) and their forcing 

mechanisms. Spectral analyses identified four dominant oscillations in the infragravity 

band, which were generated through excitation of the marina’s natural periods. The 

oscillations were present at all times, independent of the offshore conditions, 

indicating that they were forced by a continuous external energy source. The spectral 

energy of the oscillations increased by a factor ~50 times during storm events (higher 

incident wave heights) in comparison to calm events (lower incident wave heights). 

Wave heights of oscillations within the marina were strongly correlated with offshore 

incident swell wave heights and reached maximum of 0.5 m, which is close to the local 

tidal range.  The groupiness factor of swell waves around the marina was 0.6–0.85. 

Bound infragravity waves associated with swell wave groups were identified as 

potential forcing mechanism of infragravity-period oscillations within the marina. The 

bound infragravity waves have broad frequency spectrum without dominant periods 

matched the marina’s natural periods however, bound infragravity waves of periods in 

the proximity of the marina NOPs were adequate to generate oscillations at the NOPs 

of the marina. Frequencies of the oscillations were independent of the forcing 

frequency, and determined by the marina's geometry. 
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3.1.  Introduction 

Infragravity  period waves are surface gravity waves with periods between 25 and 300s 

(frequencies between 0.003 to 0.04 Hz) and wave lengths between 100 m to 10 km 

(Rabinovich, 2009). Infragravity waves are generated, mainly through nonlinear 

interactions of wind generated waves. The propagation of infragravity waves towards 

coastal areas, which contain, for example, harbours and lagoons, can excite oscillations 

within these water bodies. Resonance, when the period of incident infragravity waves 

is close to natural oscillation periods (NOPs) of the water basin, generates higher 

amplitude oscillations causing undesirable water motions. Such conditions interrupt 

berthing operations, further resulting in harbour downtime followed by economic 

losses (McComb et al., 2005; Van der Molen et al., 2006; Rabinovich, 2009; Uzaki et al., 

2010).  

Very long-period incident waves such as tsunamis (Gilmour, 1990; Hinwood  and 

McLean, 2013), waves originated from atmospheric pressure disturbances (Vilibic  and 

Mihanovic´, 2003; De Jong  and Battjes, 2004; Uzaki et al., 2005; Pattiaratchi  and 

Wijeratne, 2013), and internal waves (Rabinovich, 2009), can cause significantly high 

amplitude oscillations followed by extensive damage to harbour operations. Very long-

waves can affect only large harbours because their NOPs are generally longer than 10 

minutes, which matches the very long-period wave band. In contrast very long-period 

waves cannot excite NOPs of  small harbours (where the surface water area is about 1 

km2 and the depth is about 5–10 m) because, their NOPs are shorter than the very 

long- period wave band (Okihiro  and Guza, 1996). Short waves also cannot directly 

excite NOPs of small harbours because short wave periods are typically less than 25 s. 

However, infragravity waves can excite NOPs of small harbours because their  NOPs 

are in the similar range of the infragravity wave periods (Wu  and Liu, 1990). Various 

harbours and ports around the world, such as Port of Sines  Portugal (Gierlevsen et al., 

2001), Port of Long Beach  California (Kofoed-Hansen et al., 2005), Hualian harbour  

Taiwan (Chen et al., 2004) experience frequent oscillations in the infragravity period 

band, excited by short waves (Rabinovich, 2009).   

Bowers (1977),  Mei and Agnon (1989), and Wu and Liu (1990) carried out theoretical 

and laboratory experiments to study the influence of incident short waves on 



Chapter 3: Observation of oscillations in the marina 41 
 

 
 

infragravity period harbour oscillations.  These studies found that bound infragravity 

waves (associated with regular swell wave groups), and free infragravity waves 

(generated by breaking of swell wave groups) can excite NOPs of harbours in the 

infragravity period band.  Field observations at few harbours, [Esperance harbour in 

Australia (Morison  and Imberger, 1992), Barbers Point harbour and Kahului harbour in 

Hawaii (Okihiro et al., 1993; Harkins  and Briggs, 1995; Okihiro  and Guza, 1996), and 

Oceanside harbour in Southern California (Okihiro  and Guza, 1996)], have 

subsequently confirmed those findings by showing  a strong correlation between 

infragravity waves inside the harbour and swell waves outside the harbour.  

For both bound and free infragravity waves, the primary energy source is the narrow 

banded regular and uni-directional swell waves (Harkins  and Briggs, 1995; Okihiro  and 

Guza, 1996). However, sea surface elevation spectra are not always regular and narrow 

banded. They are characterized by broad banded wind-induced short waves (Mei  and 

Agnon, 1989; De Girolamo, 1996; Chen  and Mei, 2006), which are directional and 

irregular, especially during storm events. Infragravity wave actions dramatically 

increase during storm events (Nakamura  and Katoh, 1993) and hence dominate the 

wave energy spectra in the surf zone (Holman et al., 1978; Holman, 1981). Jeong et al, 

(1997) studied oscillations in Muko harbour  Korea, and showed that infragravity 

waves inside the harbour were strongly excited during storm events. 

Excessive water level oscillations occasionally occur in Two Rocks Marina during local 

storm events, interrupting berthing operations (Shane Lindsay, personal 

communication, Oct 2011). Gwynne (1993), found existence of infragravity period 

oscillations in the marina, and further showed that these oscillations correlated with 

offshore swell waves. In this present study, water levels were measured to investigate 

the oscillation problem in Two Rocks Marina with the aims of identifying  

1 dominant oscillation periods in the marina and their relation to the marina’s NOPs;  

2 different events of marina response to different offshore wave conditions; and  

3 potential forcing mechanisms of marina’s oscillations.   
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This study contributes for marina management in planning future modifications to 

minimize disturbance due to infragravity period oscillations.   

3.1.1  Study site  

Two Rocks Marina, located in south-west Australia (Fig. 3-1) has a surface water area 

of ~0.15 km2 with a length and width of 650 m and 260 m respectively. The average 

water depth of the marina is ~3.5 m to mean sea level (MSL). The marina has two 

basins, which provide berthing facilities for about 125 small vessels. The north basin is 

long and narrow and the south basin is approximately circular (Fig. 3-1b).  

Fig. 3-1. Two Rocks Marina. (a) Map of study area showing the  locations of Two Rocks and the 

offshore waverider buoy near Rottnest Island. (b) Instrument stations. Pressure sensors 

deployed at  NB, MJ and BR (marked with black dots). 

The offshore wave climate is characterized by swell waves with a 40 year mean 

significant wave height (Hs) of 2.14 m and a peak wave period of 13.7 s with respect to 

Rottnest Island data (Fig. 3-1a) (Bosserelle et al., 2012).  The coastal region of  Western 

Australia experiences about 30 storms a year, with associated mean offshore Hs values 
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more than 4 m (Lemm et al., 1999). Two submerged reef systems are located parallel 

to the coastline at distances of ~3.2 and 4.7 km offshore from the shoreline 

respectively.  The crest level of the reef systems varies 4-7 m below MSL.  These reef 

systems act as obstructions to the incoming swell waves (Masselink  and Pattiaratchi, 

2001 a). For a storm with Hs of 9 m, the offshore primary reef reduces the wave height 

from 7 to 5 m, the secondary reef reduces the wave height further to 3.5 m (Bosserelle 

et al., In prep). The neighbouring coastline is characterized by dissipative sandy 

beaches (Gwynne, 1993).  

 This region mainly experiences diurnal, microtidal conditions and has a mean tidal 

range of ~0.5-0.8 m (Pattiaratchi  and Eliot, 2008; Pattiaratchi, 2011). It also 

experiences a sea level variability of ~0.20 m at different time scales from nodal tides 

(18.6-year cycle), seasonal and inter-annual variability, and continental shelf seiches 

(~2–4 hours).  

3.2.  Data and methods 

Three bottom-mounted pressure sensors (RBR TWR-2050 tide and wave recorders) 

were deployed in the marina at NB, MJ, and BR at depths of 1.2 m, 3.2 m, and 2.0 m 

MSL, respectively (Fig. 3-1b). The accuracy of the pressure sensor for depth 

measurements is 0.05% of full-scale (20 m).  The sensors were configured to measure 

the water depths continuously at one-second intervals and thus the minimum 

resolvable period of oscillations that could measure was two seconds (Hegge  and 

Masselink, 1996).  The sensors measured water levels in two periods: from 12th 

October to 17th November 2011 comprising 1384720 points and, from 25th August to 

9th September 2012 comprising 1396720. 

The sensors at NB in the north basin and at BR at the boat ramp were placed at the 

marina boundaries to measure the maximum vertical water displacements. The sensor 

at MJ was in front of the main jetty, which was closer to the marina entrance and 

exposed to incoming (swell) waves through the entrance. Offshore waves were 

measured over the same duration as in the marina by a directional wave rider buoy 

(RDW47) deployed at a depth of 48 m, near Rottnest Island (Fig. 3-1a).  
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The width of the marina entrance is much less than the marina width, having a ratio of 

~0.17, and therefore it was assumed that the marina acted as a partially enclosed basin 

(Van Rijn, 1990). For a closed rectangular basin with uniform depth, the NOP is given 

by Merian’s formula (equation 2.1). NOPs of the marina along the main axes were 

calculated according to that equation. 

Water levels for the three instrument stations were derived by de-trending and zero-

centering the water depth records. In addition to the time series analysis, the water 

level data were analysed using Fast Fourier Transform (FFT) (Bendat  and Piersol, 1986)  

to produce power density spectra with 95% confidence interval, and then to identify 

the distribution of spectral density in the frequency domain. Fourier transforms were 

used to construct time–frequency plots from the auto-spectra and were used to 

identify the temporal changes in the spectral energy distribution. Time series of 2048 

points were used to estimate  the auto-spectra using the ‘Welch’ method (Little  and 

Shure, 1988).  Cosine tapper window was used with a 50% overlap (i.e. 1024 points) 

and a  variance correction factor was applied to each of the auto-spectral density 

estimate in order to avoid decreasing the total variance of the data series by tapering.  

Each auto-spectrum has 95% confidence interval. High pass and low pass filters using 

Fourier techniques were applied to water level time series to extract oscillation bands 

in the marina. High pass cut-off frequencies were set to 0.0125, 0.0055, 0.0033 Hz and, 

low pass cut-off frequencies were set to 0.025, 0.0125, 0.0055 Hz with sampling 

frequency of 1 Hz. These cut-off frequencies were detected by the distribution of 

spectral density in the frequency domain. The Nyquist frequency, which is the half of 

the sampling frequency, was 0.5 Hz.  

The time series of Hs were obtained for each oscillation band by;  

                                                        04 mH s                                                                      (3.1) 

where m0 is the second moment of each auto-spectrum (Holthuijsen, 2007). 

Correlation coefficients of Hs were calculated between the oscillation bands in the 

marina and offshore swell and sea waves.  
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Wave groupiness analysis was carried out for the data set at MJ. The incident short 

waves were confined into the range of  0.04-0.125 Hz and the wave groupiness factors 

were calculated according to the method proposed by List (1991). 

3.3. Results 

The NOPs at the fundamental mode in the marina, calculated using equation (1),  were 

in the range of the infragravity band waves with period between 25 and 300 s (Table 3-

1). These values were used to compare with the periods of the dominant frequency 

peaks in the power density spectra for the three instrument stations. 

Table 3-1. Estimated and measured natural oscillation periods (NOPs) at the 

fundamental mode. 

Axis NOP at fundamental mode, n = 1 Measured NOP 

Marina long axis  222 s 227 s 

Marina short axis  117 s 124 s 

North basin  68 s 61 s 

South basin  96 s 98 s 

 

The time seris of unfiltered surface water levels measured at the north basin (NB) of 

the marina shows the water level variation throughout the period (Fig. 3-2).  It was 

varied in a range of ~ 1 m while superimposing with the diurnal tidal cycle.  

 

Fig. 3-2.  Time series of surface water levels at north basin (NB) in the marina 
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3.3.1 Power density spectra of the water levels 

The power density spectra for the three instrument stations included several dominant 

frequency peaks (Fig. 3-3). Towards the high frequency end (> 0.04 Hz), the spectral 

energy was low because the breakwaters blocked most of the incoming short period 

waves. However, a comparatively high peak at 18 s was visible at MJ, which indicated 

uninterrupted swell wave penetration into the marina.  In the infragravity frequency 

band (0.003-0.04 Hz), distinct and narrow-banded peaks are noticeable of relatively 

high spectral energy. These peaks occurred at almost the same frequencies at all three 

instrument stations, with different energy levels, indicating spatial variation of 

infragravity energy within the marina.   

 

 

Fig. 3-3. Power density spectra at instrument stations MJ, BR, 

and NB showing the dominant frequency peaks (2011 data) 

Bottom panel shows the peaks in between 98 and 18 s at BR. 
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Two significant peaks at the tidal frequency are the diurnal and semi-diurnal 

components and in this diurnal tidal environment (Pattiaratchi  and Eliot, 2008) the 

diurnal peak is higher than the semi-diurnal peak.  A relatively higher peak occurred at 

13.5 minutes, which matched the fundamental NOP between the marina and the 

offshore-submerged primary reef located at a distance of 4.7 km from the marina and 

at an average depth of 12 m. However, these very long period oscillations (13.5 

minutes, 12 hr and 24 hr), present at all 3 stations with very similar spectral energies 

(Fig. 3-3), were not considered in further analysis as they were outside the infragravity 

band waves within the marina (Table 3-1). 

Four distinct peaks are visible at 61, 98, 124 and 227 s within the infragravity band, 

underlining that the energy in the marina were concentrated at these periods. Of the 

three instrument stations, the power density spectrum at NB showed the highest 

energy at 61, 124, and 227 s, mainly because the elongated shape of the north basin 

provided conditions for energy accumulation within the basin. In contrast, the energy 

at 98 s at NB was lower than the energy at the other three periods, and the highest 

energy at 98 s was recorded at BR in the south basin. Because of its location in the 

north basin, NB was less affected by the infragravity band water level changes 

occurring at BR in the south basin. Therefore, oscillations at 98 s were not strongly 

excited in the north basin. 

In the power density spectrum at BR, six consecutive peaks appeared between 18 and 

98 s (Fig.3-3 bottom panel).  None of these peaks at BR matched the estimated NOPs 

shown in Table 3-1 however, it could be the harmonics of fundamental modes that 

contributed to the wide spectral peaks which are not typical in simple modal oscillation 

forms.  

The measured peak periods (Table 3-1) were closed to the estimated values of NOPs, 

suggesting that the measured oscillations have been generated through the excitation 

of the marina’s NOPs.  
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3.3.2  Time series analysis 

Filtered water levels in the infragravity band (25-300 s) at all stations indicated strong 

oscillations and variability in amplitude during the data collection period from 12th 

October to 17th November 2011 (Fig. 3-4a).  The patterns were similar at all three 

instrument stations; therefore, only the time series plots for NB are shown in Fig. 3-4.  

Higher amplitude waves (> 0.1 m) occurred during 13th-17th October 2011 (maxima to 

0.3 m), 7th-9th November 2011, and on 15th November 2011 (maxima to 0.2 m).  Lower 

amplitude waves (< 0.1 m) occurred during 24th-28th October 2011 and 1st-6th 

November 2011.   It should be noted the that range of infragravity water levels during 

13th-17th October 2011 were equivalent to the local diurnal tidal range of ~0.6 m 

(Pattiaratchi, 2011). 

The time–frequency plot at NB (Fig. 3-4b) indicated concentration of spectral energy (> 

10-1 m2/Hz) at periods 61, 124, and 227 s; however, the line at 98 s was less dominant 

as described in Section 3.3.1. The time–frequency plot at MJ (Fig. 3-5) also showed the 

concentration of spectral energy (> 10-1 m2/Hz) at 98, 124, and 227 s. The line at 61 s, 

which identified as the NOP of the north basin, was less dominant here, because MJ 

was less sensitive to the water level changes occurring at NB. Higher spectral energy 

bands were also present at 8, 14, and 18 s, indicating swell wave penetration through 

the entrance (as mentioned in Section 3.3.1). The spectral energy bands at 8 and 14 s 

were almost continuous through the recording period, whereas the band at 18 s 

mostly appeared during the higher amplitude infragravity wave periods. 

Presence of the spectral energy bands at 61, 98, 124, and 227 s at both NB and MJ 

suggested that the oscillations at these peak periods occurred continuously from 12th 

October to 17th November 2011. The continuous presence of oscillations at these 

periods (61, 98, 124, and 277 s) was also identified in the data collected from 25th 

August to 9th September in 2012 (not shown). The time–frequency plots indicated that 

oscillations at the natural periods were excited continuously in the marina, 

independent of the time frame of data were collection. This indicates that there is a 

continuous external source of energy able to energise these oscillations within the 

marina.  The spectral energy of the oscillations were increased during periods of high 



Chapter 3: Observation of oscillations in the marina 49 
 

 
 

amplitude infragravity waves by a factor ~50 times, when compared to the spectral 

energy during periods of lower amplitude infragravity waves. 

 

Fig. 3-4. Time series plots at North Basin (NB): (a) surface water levels of the infragravity band 

(25–300 s); (b) frequency (in log scale) and energy of the water levels. Colour bar indicates the 

spectral energy in m2/Hz. Periods corresponding to dominant periods are identified in the 

centre; (c) significant wave height (Hs) of the total, swell waves and the three IG bands;   (d) Hs 

at Rottnest (offshore). 

 



Chapter 3: Observation of oscillations in the marina 50 
 

 
 

Three main oscillation bands (IG bands) were identified based on the frequency peaks 

in the power density spectra for all three stations (Fig. 3-3): 

 IG band 1 (40–80 s)—peak period at 61 s 

 IG band 2 (80–180 s)—peak periods at 98 and 124 s 

 IG band 3 (180–300 s)—peak period at 227 s 

The time series of wave heights associated with all the bands as well as that in swell 

band had the same characteristics in that, they all increased/decreased at the same 

time (Fig.  3-4c) and were related to the incident offshore swell wave height (Fig. 3-4d).  

The swell wave heights, inside the marina were mostly below 0.1 m throughout the 

whole period; however, the total wave height increased markedly during the three 

episodes of higher incident swell waves. The IG band 1, dominated the total wave 

height, which remained above 0.3 m during the first high water level episode of 13th–

17th October 2011 (Fig. 3-4c). 

Fig. 3-5. Time series of frequency (in log scale) and energy of the water levels at MJ.  The 

colour bar indicates the spectral energy in m2/Hz.  Periods corresponding to dominant periods 

are identified in the centre. 

 

3.3.3   Infragravity wave response inside the marina to incident conditions 

The significant swell wave height (Hs) values of Rottnest (Fig. 3-4d) exceeded 4 m 

during the periods from 13th to 17th of October and on 8th of November 2011.  As 

mentioned in Section 3.1.1, these phenomena can be attributed to storm events 

generated by passage of low-pressure systems. In contrast, during the period from 30th 

October to 4th November 2011, the average wave height recorded off Rottnest was 
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1m, which can be considered as ‘relatively calm’ sea conditions. The variations of 

infragravity band water levels (Fig. 3-4a), spectral energies (Fig. 3-4b) and Hs at NB (Fig. 

3-4c) corresponded with the Hs recorded off Rottnest (Fig. 3-4d).  

To compare incident wave conditions during storm and calm events, the period from 

13th to 17th of October 2011 was used to represent a storm event, and the period from 

1st to 4th of November 2011 (marina data were available only from 1st of November) 

was used to represent a calm sea condition. During the storm, the offshore Hs 

exceeded 4 m (Fig. 3-4d), the water levels in the infragravity band reached 0.3 m (Fig. 

3-4a), and  the spectral energy of the IG oscillations also increased by a factor 50 

compared to that recorded during calm sea conditions (Fig. 3-4b). 

 

Fig. 3-6. Power density spectra for the three instrument stations during: (a) storm and (b) calm 

sea conditions  

The power density spectra under storm and calm sea conditions for the three 

instrument stations (Fig. 3-6) resembled the patterns shown in Fig. 3-3 with peaks at 

similar periods irrespective of the incident wave conditions. Peak periods, under calm 

condition were slightly less than those occurred during the storm event, possibly due 

to the different lengths of the data records considered in the spectral analysis for the 

storm and the calm sea events. All four peak periods were amplified during the storm 

compared to calm conditions. During the storm, spectral energy of the IG oscillations 

band 1 and 2 (peak periods at 61, 98 and 124 s) was a factor ~55 times higher than it 

was during the calm condition.  Similarly, the spectral energy of oscillations in IG band 

3 (peak period at 227 s) was about 38 times higher than it was during the calm sea 
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conditions. These results indicated that the spectral energy of the oscillations in higher 

IG frequency band (40-180 s, including the IG band 1 (40-80 s) and IG band 2 (80-180 

s)) was amplified compared to the spectral energy of the oscillations in the low 

frequency IG band (IG band 3 (180-300 s)) during the storm event.  

 

Fig. 3-7. Correlation coefficients of energy between the oscillations at NB (three IG bands at 

NB)  and the swell waves at MJ for the entire data period 

Correlation coefficients of spectral energy between the oscillations at NB (three IG 

bands at NB) and the swell period waves at MJ for the entire data collection period 

were calculated (Fig 3-7).    The distribution of cross correlation indicated that all three 

IG bands followed a similar pattern across the incidence swell periods (8–25 s); 

however, IG band 3 corresponded the least with the other two IG bands.  In all the IG 

bands, a distinct minimum in the correlation coefficient appeared at 12 s and there 

was an increase towards 8 s and beyond 20 s.  There were two peaks at 14.7 and 18.6 s 

with correlation coefficients of 0.8 and 0.9, respectively.   The peak periods 8 and 14 s 

were present during calm conditions and the 18 s period was prominent during storm 

events in Fig. 3-6 Corresponding to the peaks at 14.7 and 18.6 s and the increase 

towards 8 s in Fig. 3.7.   
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Fig.3-8.  Correlation coefficient of the significant wave height (Hs) between marina oscillations 

(three IG bands at NB) and the swell waves (a, b, c) and the sea waves (d, e, f) at Rottnest 

Island. 

The Hs of the marina’s oscillations (three IG bands at NB) indicated a higher correlation 

with the Hs of the offshore swell waves (8–25 s) at Rottnest Island, with correlation 

coefficients > 0.8 (Fig. 3-8a, 3-8b, 3-8c), when compared to the Hs of the offshore sea 

waves (< 8 s) with  correlation coefficients < 0.45 (Fig. 3-8d, 3-8e, 3-8f). This suggests 

that the IG oscillations in the marina have connection to the offshore swell waves than 

sea waves.  

The swell wave direction at Rottnest during the collection period was mostly in 

between 230 and 250 degrees (Fig.3-9) contributing to the high correlation with 

marina oscillations.  
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Fig. 3-9.  Swell wave direction at Rottnest for the data collection period 

 

3.3.4 Wave grouping characteristics 

The grouping characteristics of the swell waves were analysed in the marina (at MJ) for 

the storm and calm sea events. The groupiness factor (GF), based on List (1991), was 

calculated for each data set comprising of 2048 points (ie, 2048 s) of the water level 

time series in the swell wave band. The GF of two instantaneous data sets for the 

storm event was 0.6558 and it was 0.7648 for the calm sea event (Fig. 3-10). However, 

the GF was highly depended on the data set selected, and therefore did not show clear 

difference of GF values between the storm and calm events.    

 

The GF at MJ for the whole data collection period in 2011 indicated that the GF ranged 

between 0.6 and 0.85, without any significant difference in the GF between storm and 

calm events (Fig. 3-11). However, the high values of the groupiness factor (0.6–0.85) 

are an indication of swell wave groupiness and therefore, the presence of bound 

infragravity waves.  
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 Fig. 3-10.  Instantaneous water level time series of the swell waves at MJ during the (a) storm 

and (b) calm sea event.    The envelope of the water level extremes is shown in red 

 

 

 

 

Fig. 3-11.  Time series of the groupiness factor at MJ for the whole data collection period 
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Spectral analysis of the positive values of the envelope time series of the water levels 

at MJ in the swell wave band indicated that the wave group periods were highly 

variable and indicated a wide spectral energy band in the range 50 s to 450 s (Fig.3-12).  

There were no peak periods that matched the marina’s NOPs. This indicated that the 

period of the infragravity waves associated with the groups of incoming swell waves 

into the marina did not contain dominant periods that matched the marina’s NOPs and 

therefore leading to resonance conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-12.  Power density spectra of envelop time series shown in red in Fig. 3-10. (a) for storm 

event, (b) for calm event 
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3.3.5   Occurrence of peak oscillation periods 

For safe operations within marina it has been recommended that significant wave 

height (Hs) of the swell waves to be < 0.15 m (Thoresen, 2003).  Analysis of the swell 

and IG band time series at NB   (Fig. 3-4c) indicated that IG band 1 (40-80 s), dominated 

the total Hs. Similarly, the Hs in the IG band 2 (80-180 s) dominated the total Hs at BR 

and MJ (not shown).  If 0.15 m was used as the threshold value for the total Hs in the 

marina for safe operations, the measured total Hs at NB exceeded the threshold Hs 

38% of the time, and the total Hs at BR exceeded the threshold Hs 30% of the time, 

over the whole data collection period in 2011.   

 
 

Fig. 3-13.  Percentage occurrence of peak oscillation periods in the IG bands 1 and 2 for (a) NB 

and (b) BR. 

Analysis of the occurrence of the oscillation periods across the marina (Fig. 3-11) 

revealed that at NB, 80% of the peak periods occurred in the IG band 1 (40-80 s), whilst 

at BR, 88% of the peak periods occurred in the IG band 2 (80-180 s).  
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3.4. Discussion  

3.4.1 Oscillations in the marina 

In the time series of measured water level records, obtained within the Marina, four 

dominant peaks were identified in the infragravity band at 61, 98, 124, and 227 s, 

which corresponded with the estimated NOPs of the marina (Table 3-1). Therefore, it 

can be concluded that the four dominant infragravity period oscillations were 

generated due to the excitation of the marina’s NOPs.  The infragravity period 

oscillations occurred continuously in the marina during the both data collection 

periods in 2011 and 2012. Gwynne (1993) carried out field study in Two Rocks Marina 

from May to July in 1993, and found continuous presence of two dominant peaks 

around 60 and 200 s. Collectively, all three data records; Gwynne’s data record and the 

two records in 2011 and 2012; span seven months (May to November), although the 

data were measured in different years. The data sets showed the infragravity period 

oscillations were continuously present in the marina over seven months of the year. 

The continuous presence of these oscillations showed the existence of an external 

force, which was continuously contributed energy to set-up these oscillations.  

Pugh (1987) suggested that water bodies with irregular shapes could produce several 

NOPs, including lateral and longitudinal modes, thus  complex oscillation patterns may 

exist in the marina because of the marina’s irregular geometric shape. Merian’s 

formula describes the NOP for a rectangular water body with uniform depth. Due to its 

limitations in applying to water bodies with irregular shapes and varying depths, it is 

not possible to derive all the potential oscillation modes, only the oscillation modes 

along the main axes.  Therefore, the five frequency peaks in the power density 

spectrum at BR observed in Fig. 3-3, may have been the result of oscillations along 

other axes in the south basin due to its near-circular or elliptical shape (Rabinovich, 

2009). 

Oscillations in harbours can be generated through atmospheric processes, and these 

oscillations are mostly above 10 minutes (Rabinovich, 2009). According to a recent 

study, meteotsunamis occur frequently along south-west Australian coast (Pattiaratchi  

and Wijeratne, 2014).   In two rocks marina site, there is an oscillation of 13.5 minutes, 
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which have been generated due to the offshore-submerged reef system and therefore 

the marina could be affected by such meteotsunamis.   

 

3.4.2 Effect of offshore conditions 

It was found that, when the Hs recorded off Rottnest exceeded 4 m during a storm, the 

amplitudes of the infragravity band (25–300 s) waves in the marina increased to > 0.3 

m equivalent to the tidal range in the region (Fig. 3-4a).  The spectral energy of the 

oscillations also increased about 50 fold, which raised the total Hs in the marina to 0.5 

m (Fig. 3-4c).  

The results further showed a strong correlation (correlation coefficient >0.8) between 

the offshore incident swell wave height (Hs) and Hs of the oscillations in the IG band 

inside the marina (Fig. 3-8).  This relationship was independent of the incident swell 

wave height (i.e. relationship valid during both storms and calm periods).  This 

indicated that the IG oscillations inside the marina were driven by offshore swell 

waves.  These findings agreed with those of Jeong et al. (1997) in their study on 

harbour oscillations during storms in Muko Harbour, Korea. They found peaks of 

considerable magnitude in the frequency spectra around 1-5 minutes, which were 

bound infragravity waves and their harmonics inside the harbour. They also found a 

strong relationship between infragravity waves in the harbour and storm waves. 

Similar to these observations, during swell wave periods, Okihiro et al. (1993) and 

Okihiro and Guza (1996) also identified ocean swells as the primary energy source for 

harbour oscillations in the infragravity band.  

The results have demonstrated that the marina oscillations occurred during the calm 

sea conditions was a result of swell waves with a peak period of 14.7 s, and during the 

storm, swell waves with peak period of 18.6 s increased the energy of the oscillations 

(Fig. 3-6 and 3-7). Okihiro & Guza (1996) also found similar results during their study at 

Kahului harbour in Hawaii. They observed infragravity energy in the harbour associated 

with long-period swell waves (with periods ~ 20 s)  was about 10 times more than the 

infragravity energy associated with short-period swell waves (with periods ~ 10 s). 
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In groupiness analysis, it is interesting to notice a high GF value  in a data set at calm 

sea condition (0.7648 in Fig.3-10 b) and a low GF value in a data set at storm condition 

(0.6558 in Fig.3-10 a). High GF value indicates high degree of wave grouping 

characteristics. The marina site showed relatively high swell wave grouping 

characteristics, with a GF of 0.6–0.85 (Fig.3-11) throughout the data collection period 

without showing any marked difference of GF values between storm and calm 

conditions.  This indicates that the GF is a property, which solely represents the degree 

of swell wave grouping characteristics, and it is independent of the swell wave heights 

of the data set considered for the GF calculation. Wave grouping characteristics 

however, largely vary with background swell wave periods.  Swell waves with periods ~ 

8, 14.7 and 18.6 s enhance the  wave grouping and hence contribute more for 

infragravity wave generation, while swell waves of ~ 12 s show less or no contribution 

(Fig. 3-7). The results showed the periodicity of the bound infragravity waves 

associated with swell wave groups varied over a wide range without showing any 

discernible energy peak associated with a particular oscillation period in the marina 

(Fig.3-12). Similar observations have also made by Nelson et al. (1988), and Morison & 

Imberger (1992) confirming that the energy variation of infragravity band outside the 

marina is relatively small. 

The Western Australian offshore wave climate is swell-dominated with mean peak 

period of 14 s (Bosserelle et al., 2012). Such swell-dominated and high swell wave 

grouping environment enhances the generation of bound infragravity waves (Elgar et 

al., 1992; Herbers et al., 1995a). Bound infragravity waves around the marina site can 

excite the marina’s NOPs even if the infragravity band do not show peak periods match 

the marina’s NOPs.  Similar to this observation, Okihiro and Guza (1996), in Kahului 

harbour study, found that the oscillation spectrum in the harbour was characterised by 

peaks corresponding to the frequencies of resonant standing waves, even though 

relatively smooth energy spectrum observed outside the harbour.  

The study proposes that bound infragravity waves, generated through swell wave 

grouping, continuously forced oscillations within the marina. Under forced oscillation 

conditions, the frequency of external force determines the frequency of oscillations in 

a system (Van Rijn, 1990).  External forces can easily excite oscillations at the natural 
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periods of  a system because the natural periods provide the minimum resistance 

against oscillations, and the oscillations can persist considerably longer time  

(Rabinovich, 2009).  However, in the case of Two Rocks marina, the dominant 

frequencies of oscillations were governed by the geometric configuration of the 

marina (length, width, depth) and independent of the incident wave period.   

Open-ocean waves, incident at the entrance of a harbour, normally consist of a broad 

frequency spectrum that spans the response of the harbour from resonantly generated 

eigen free modes to non-resonantly forced oscillations at other frequencies 

(Rabinovich, 2009).  In contrast, these results describe a situation of non-resonantly 

excited oscillations at eigen free modes, forced by bound infragravity waves with 

broad frequency spectrum.  Therefore, bound infragravity waves of periods in the 

proximity of the marina NOPs are adequate to excite the NOPs of the marina.   

3.4.3  Marina efficiency 

The significant wave height (Hs) of the swell waves was well within the limit of the 

recommended Hs for a marina (< 0.15 m) (Thoresen, 2003).  However, the measured 

total Hs at NB exceeded the recommended Hs over 38% of the entire duration, and at 

BR it was 30% of the entire duration (Fig. 3-4c) due to the dominance of the IG band 

wave heights. The results further revealed that the occurrence of the oscillations in IG 

band 1 (40–80 s) and IG band 2 (80–180 s) were 80% and 88%, respectively (Fig. 3-11). 

These infragravity period oscillations of high wave heights and high percentage of 

occurrence  can cause vessels to undergo excessive long-period motions, such as 

rotational yaw and linear surge and sway, which can further limit marina operations 

(Sawaragi  and Kubo, 1982; Morison  and Imberger, 1992). Therefore, 

countermeasures are needed to minimise the infragravity period oscillations in the 

marina for better berthing operations. 

Having a narrow entrance compared to the width of the marina, ie; with low aperture 

ratio of 0.17, the ‘harbour paradox’ phenomenon (Miles  and Munk, 1961) is apparent 

in the marina. The swell wave heights were maintained under 0.15 m by the narrow 

entrance however, the wave heights of the oscillations in the infragravity band have 

exceeded this value especially during the storm events.   Long wave energy in a 
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harbour can be dissipated through internal dissipation and radiation through the 

entrance however, in general, the energy losses through the entrance is larger than 

the internal energy losses (Rabinovich, 2009). Hence, the narrow entrance of the 

marina enables energy to accumulate within the marina, rather than allowing 

dissipating through the entrance, eventually resulting oscillations with higher 

amplitudes. 

 

3.5. Concluding remarks  

Surface water levels were measured and analysed at three locations inside Two Rocks 

Marina to study the infragravity period oscillations within the marina, and to examine 

their response to different offshore wave incident conditions. The four dominant 

infragravity period oscillations identified within the marina were related to the natural 

oscillation periods of the marina.  The wave energy of these oscillations was related to 

the offshore incident swell wave height and was significantly amplified during storm 

events. The infragravity oscillations inside the marina were present all the time and 

were forced by an external energy source.  Bound infragravity waves, associated with 

swell wave groups around the marina site were identified as the main forcing of the 

excitation of the natural oscillation periods in the marina in a non-resonant condition.  

Here, the incident infragravity waves consisted of a wide frequency spectrum without 

any dominant frequencies.  
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4. Phase and coherence of standing 

waves 

Harbour oscillations (or seiches) are standing waves generated by superposition of 

waves of the same height and wavelength,  travelling in opposite directions (Van Rijn, 

1990).  Such situations occur when incidence waves are repeatedly reflected at the 

harbour boundary due to geometrical effects. Then the resultant standing wave (y) at 

time t and distance x is given by the sum of the incident wave (yi) and the reflected 

wave (yr), both having the same amplitude (y0) and the angular frequency (ω); 

                                   

                    

where k is the wave number (=2π/wavelength λ). 

Several oscillatory movements can be identified from a water level signal at a point in 

a harbour basin however, water level records from two or more spatially distributed 

points must be needed to determine the patterns of standing waves corresponding to 

each oscillation.  Standing wave patterns generated within a harbour basin can be 

determined by analysing water level signals for standing wave properties. 

4.1. Standing wave properties  

4.1.1 Coherence of water levels 
 
For a given oscillation period, surface water level movements along the axis of 

oscillation in a harbour basin show strong coherence. In other words, water level 

changes at one point on the standing wave can be approximately predicted with 

(4.1) 
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respect to the water levels at another point on the same standing wave.  Instantiations 

water levels at points B and C are always in opposite direction to that at point A while 

the water level changes at B and C occur at the same direction (Fig. 4-1). The 

coherence of water level changes at two points varies with the frequency and reaches 

to one at some frequencies. However, achieving higher coherence values does not 

merely an indication of a standing wave. Phase difference between the two points is 

also necessary to calculate simultaneously in order to determine the presence of a 

standing wave.  

 

 

 

 

 

 

Fig. 4-1: Schematic representation of water level changes at three points of a standing wave 

 

4.1.2 Phase difference of water levels 

The other property of a standing wave is that the phase difference between two points 

in the standing wave should be either 0 or 180 degrees. At two points, which are 

located at the opposite sides of the still water level (points A and B in Fig. 4-1), the 

water levels move opposite directions and the phase difference is 180 degrees. 

Similarly, at points B and C, which are located at the same side of the still water level, 

the water levels move same direction and there is no phase difference (= 0 degrees).  

These two properties, coherence and phase difference between two instrument 

stations, can be calculated through cross-spectral analysis and further enable to 

determine the standing wave patterns (modal structure) in a harbour basin.  
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4.2. Cross-spectral analysis 

The cross-spectral analyses were carried out for the data sets at three instrument 

stations, MJ, BR and NB  and the coherent and the phase difference between two data 

records were calculated by the following equations (Bendat  and Piersol, 1986);   

Coherence between the data records at two points: 

       
        

 

            
  

Where, Gxy is the cross-spectral density between x and y, and Gxx and Gyy the auto-

spectral density of x and y. 

Phase difference between the two data records: 

             
                        

                   
  

This analysis enables to identify modal structure of the oscillations. High coherence 

with phase difference 0 or 180 degrees indicates the presence of standing waves 

between two points corresponding to a particular frequency of interest.   

 

4.2.1 Results 

The coherence of water levels between the stations MJ and BR has reached one at the 

oscillations 227 and 124 s (Fig. 4-2a), and the phase difference is 180 degrees (Fig. 4-2 

b & c). It confirms the presence of standing waves between MJ and BR areas with n=1 

mode. The coherence of ~0.8 and the phase difference is 180 degrees at 98 s 

oscillation indicates that this oscillation has not been largely correlated to the water 

levels at MJ or BR, but influenced by water levels at some other area. At 61 s, the 

coherence has become nearly zero, indicating that no standing waves are generated 

between MJ and BR at 61 s. 

 

(4.2) 

(4.3) 
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Fig. 4-2.  Cross-spectral diagrams for MJ and  BR (a) Coherence between MJ and BR, (b) Phase 

difference between MJ and  BR, (c) Zoomed phase difference around 61 s. 

Phase difference between MJ and NB is 180 degrees at all four dominant oscillations in 

Fig. 4-3b, corresponding to n=1 mode. The coherence of the oscillations 124 and 98 s 

has reached one (Fig. 4-3a), indicating that these two oscillations have been formed by 

the standing waves at MJ and NB areas.   The oscillation 227 s has a phase difference of 

180 degrees, and the coherence value is ~ 0.6 (Fig.4-3a). It implies that 227 s oscillation 

does not highly correlate with water levels at MJ or NB. The oscillation 61 s has a low 

coherent value of ~ 0.2 (Fig. 4-3c) indicating that standing waves are not generated in 

between MJ and NB areas corresponding to 61 s oscillation periods.  

The phase difference of oscillations 227 and 124 s is 180 degrees, which corresponds 

to n=1 mode, while it corresponds to n=2 mode at the oscillations 98 and 61 s with the 

phase difference of zero degrees (Fig. 4-4 b & c). The coherence of water levels 

between BR and NB has reached one at the oscillations 227, 124 and 98 s (Fig. 4-4a), 

confirming that these three oscillations have been generated by some combination of 

standing waves generated between NB and BR areas.  The oscillation 61 s has a 

coherence value near to zero, again as the previous case,  indicating that the 

oscillations 61 s at NB has no contribution of the standing waves at BR area. 
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Fig. 4-3.  Cross-spectral diagrams for MJ and  NB (a) Coherence between MJ and NB, (b) Phase 

difference between MJ and NB, (c) Zoomed coherence around 61 s. 

 

 

Fig. 4-4.  Cross-spectral diagrams for BR and  NB (a) Coherence between BR and NB, (b) Phase 

difference between BR and NB, (c) Zoomed phase around 61 s. 
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4.3. Concluding remarks 

The results of cross-spectral analysis were similar to the observations noticed in the 

power density   spectra of water levels in Section 3.3.1.  According to the results of 

cross-spectral analysis, the measured NOPs in Table 3-1 could be justified as follows; 

 The oscillations of 227 s were the standing waves occurred between MJ and BR 

areas with a node at the middle and the antinodes at MJ and BR areas, 

representing mode 1 oscillation along the marina long axis. However, there was 

another mode 1 oscillation for 227 s between NB and some other area, which 

was unknown in the current context.  

 The oscillations of 124 s were the standing waves occurred between NB and MJ 

areas representing mode 1 oscillation along the marina short axis. The results 

shows that there was another mode 1 oscillation for 124 s between MJ and BR 

areas probably representing standing waves along  some axis across the south 

basin. 

 The oscillations of 98 s were probably the standing waves along one of the axis 

of the south basin with mode 1 however, results indicate that 98 s oscillations 

may exist at north basin with mode 2. 

 The oscillations of 61 s represent standing waves at north basin with mode 1 

between NB and MJ. The results indicate a presence of mode 2 oscillation for 

61 s between NB and BR however, this was not exact because 61 s oscillations 

at NB have low coherence with MJ and BR. 

 

With help of power density spectra of water levels and cross-spectral analysis, the 

dominant periods of the measured data could be compared with the calculated NOPs 

of the marina. However, the modal structure of oscillations were not fully described by 

the results and hence demand numerical model analysis which enables to understand 

the spatial distribution of the modal structure of oscillations at greater extent in the 

marina.   
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5. Influence of offshore topography 

on infragravity period oscillations 

in Two Rocks Marina   

Summary  

Infragravity period oscillations in harbours and marinas can often lead to interruption 

in harbour operations due to excessive vessel movements.  Previous studies have 

identified a range of forcing mechanisms that may be responsible for inducing long 

period oscillations in harbours, which included forcing by infragravity wave energy at 

the entrance of the harbour. Field measurements have shown that Two Rocks Marina, 

a small recreational boat harbour located in south-west Australia, infragravity period 

oscillations were always present inside the marina and the amplitude of the 

oscillations was related to the incident swell climate and were enhanced during storm 

events. Two Rocks Marina is located in a micro-tidal environment subject to 

continuous swell and frequent storm systems, particularly during the winter months, 

and is characterised by two shallow, shore-parallel, limestone reef systems located 

~3.2 and ~4.7 km from the shoreline.  This paper describes the application of a 

Boussinesq wave model, validated using field data, to examine: (1) source of the 

infragravity waves incident on the marina; and, (2) modal characteristics of the 

infragravity period oscillations inside the harbour. The cross-shore evolution of the 

infragravity wave energy was examined using simulations with different contrasting 

incident wave conditions, which included measured and idealised wave spectra.  The 

model results indicated that free infragravity waves were generated as the wind/swell 

waves propagated over the offshore reef systems independent of the external forcing. 

The presence of the offshore reef systems increased the infragravity wave energy by 
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factor of ~10 when compared to the infragravity wave energy offshore. The 

infragravity wave spectrum in the vicinity of the marina entrance did not contain any 

major energy peaks, and has an almost constant energy distribution across the 

infragravity wave frequencies.  However, the frequencies similar to the marina’s 

natural oscillation periods were excited within the marina. The predicted energy 

distribution maps and water level snapshots inside the marina identified the modal 

structure for 4 different oscillations within the marina, which included both mode 1 

and mode 2 oscillations.  This study indicates that in coastal regions characterised by 

complex offshore topography, the design of harbours and marinas have to consider 

the presence of infragravity waves, which are capable of inducing infragravity period 

oscillations, which may lead to problems in harbour or marina operations. 
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5.1 Introduction  

Many ports and harbours have been designed for protection against wind-generated 

short period waves with periods between 3 and 25 s. Long breakwaters are able to 

prevent these shorter period waves from entering a port or a harbour  (Van der Molen 

et al., 2004; Demirbilek, 2007). However, long waves with periods of 25 to 300 s 

(defined as infragravity waves) can  cause disturbances in harbours and marinas 

because of their radiation through entrance and resonance properties inside harbours 

(Mei  and Agnon, 1989; Rabinovich, 2009). 

Natural oscillation period (NOP), or natural frequency, is a fundamental property of a 

basin which depends on the basin’s geometry (Pugh, 1987). When the period of 

incident long waves is close to one of the natural frequencies of oscillation in the 

harbour, higher amplitude oscillations can be generated inside the harbour through 

resonance phenomenon, even if the incident long wave amplitude is low.  In such 

conditions, berthing operations can become unsafe and be interrupted due to 

excessive vessel movements causing damage to mooring lines and fenders, resulting in 

harbour downtimes and economic losses (McComb et al., 2005; Rabinovich, 2009; 

Uzaki et al., 2010).  

Several studies have been undertaken to determine forcing mechanisms responsible 

for oscillations in harbours. Wind waves propagate as well-defined groups, from 

deeper water to water depths less than a few meters deep (Van Rijn, 1990).  Longuet-

Higgins and Stewart (1964) described a mechanism of ‘set-down beneath wave groups’ 

which produce ‘bound infragravity waves’ associated with wave groups.  As waves 

approach shallow water, the quadratic nonlinear interactions approach resonance, and 

in water depths of the order of few metres, significant amount of wave energy can be 

transferred from the wind waves to the infragravity waves (Bowers, 1977; Elgar  and 

Guza, 1985; Mei  and Agnon, 1989; De Girolamo, 1996).  This implies that infragravity 

wave energy is generally low in deep water and increases where the depth decreases 

such as near offshore reefs and at the shoreline.  

Bowers (1977) was the first to attribute bound infragravity waves to harbour 

oscillations and showed that the NOPs of a harbour could be excited by bound 
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infragravity waves, without wave breaking within the primary wave group. Bowers’s 

findings were confirmed through field studies, which indicated high correlation of 

wave energy between the offshore (incident) swell wave band, and the infragravity 

wave band inside harbours, in swell dominated wave climates (Morison  and Imberger, 

1992; Okihiro et al., 1993; Okihiro  and Guza, 1996). 

Bound infragravity waves are often phase locked with the wave groups associated with 

swell waves but can be released from the wave groups as ‘free infragravity waves’ 

through interaction of wave groups with the bottom topography.  Free infragravity 

waves escape whilst refraction of wave groups propagating over uneven topography 

(Liu, 1989; Janssen et al., 2003; Thomson, 2006; Zou, 2011), and over a shallow wide 

reef  (Péquignet et al., 2009; Nwogu  and Demirbilek, 2010).  Wu and Liu (1990) 

showed free infragravity waves can also excite the NOPs of a harbour.  This has also 

been observed in subsequence case studies on Port Kembla Harbour in Australia (Luick  

and Hinwood, 2008) and, Hua-Lien Harbour in Taiwan (Chen et al., 2004).   

Apart from swell wave groups, which are regular and narrow-banded (Bowers, 1977), 

long period oscillations in harbours can also be induced by irregular (random) and 

broad-banded short waves, especially during local storm events where the wave 

periods are much shorter, ~ 10 s, (Mei  and Agnon, 1989; Chen  and Mei, 2005; Chen  

and Mei, 2006; Chen et al., 2006). Infragravity wave energy dramatically increases 

during storm events (Holman et al., 1978), and causes  long period oscillations in 

harbours through resonance (Jeong et al., 1997).  

In Two Rocks marina, the previous study (Thotagamuwage  and Pattiaratchi, 2014b), 

based on the analysis of field measurements inside the marina (Fig. 4-1), revealed four 

dominant oscillations in the infragravity band at  61, 98, 124 and 227 s which were 

related to the NOPs of the marina.  These oscillations were always present during 

measurement period but their magnitude was related to the incident swell climate and 

was enhanced during storm events.  Similar results were found by Gwynne (1993) for 

the same location. 

Hydrodynamic studies, using both field and numerical approaches, in the nearshore 

region have provided information on spectral transformation in wave energy as the 



Chapter 5: Influence of offshore topography in marina oscillations 73 
 

 
 

waves propagate from offshore to nearshore. In many cases, these studies have 

indicated a shoreward transformation in dominance from wind or swell waves to 

infragravity energy (Elgar  and Guza, 1985).  Similarly, fringing coral reefs and rock 

platforms have been documented to be effective in generating infragravity waves 

(Péquignet et al., 2009; Beetham  and Kench, 2011). In a study of wave behaviour in a 

fringing coral reef Nwogu and Demirbilek (2010) found that majority of the wave 

energy in the incident wave frequency band was dissipated within a few wavelengths 

of the reef face, and the infragravity wave energy increased as the waves moved over 

the reef flat.  Similarly, McComb et al. (2009) found that offshore Geraldton (~360 km 

north of the marina), majority of the infragravity wave energy was generated during 

swell wave transformations over a 3 km-wide reef platform located offshore.  These 

studies indicate that in regions of complex topography, such as those with offshore 

reef systems, there is a source of infragravity wave energy generation locally and thus 

may provide an energy source to set-up oscillations in harbours.  

In this study, the marina is fronted by two offshore-submerged reef systems located 

parallel to the coastline hence; the focus is on the harbour oscillations led by 

infragravity waves generated through swell wave propagation across offshore reef 

systems. Here, a Boussinesq type numerical wave model was used to examine 

infragravity period oscillations inside Two Rocks Marina to determine the:  

1. evolution of the infragravity wave energy under different incident offshore 

wave conditions propagating across reef systems;  

2. influence of the different offshore conditions on the oscillations within the 

marina; and,  

3. effect of the marina layout on oscillation patterns.    

Two Rocks Marina is located on the Western Australian coast (Fig. 5-1a) which 

experiences a diurnal, micro tidal conditions and has a mean tidal range of ~0.5-0.8 m 

(Pattiaratchi  and Eliot, 2008; Pattiaratchi, 2011).   The marina comprises of two main 

sections (Fig. 5-1b) with a total surface water area of ~0.15 km2 and an average water 

depth of ~3.5 m relative to mean sea level (MSL).  The northern basin (Fig. 5-1b) is 290 

m long and 150 m narrow (aspect ratio 0.52) and is configured to moor large number 
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of vessels. The southern basin, which has fewer berthing facilities, is reserved for 

future developments. The marina experiences excessive water level oscillations during 

local storm events. The problem is highlighted by the failure of a dolphin enclosure 

build inside the marina in 1992, which was washed away due to strong currents 

generated by the oscillations within the marina. 

 

Fig. 5-1. (a) Map of study area. The extent of the map shows the spectral wave (SW) model 

domain and the small dash line square shows the Boussinesq wave (BW) model domain. The 

locations of the meteorological station (marked by a dot) at Rottnest Island, and the offshore 

wave rider buoy (marked by a square) are shown; (b) Two Rocks Marina, showing main marina 

elements.  

 

The site is located in a region of complex offshore bathymetry consisting of a system of 

offshore limestone reefs (Fig. 5-2) where considerable wave attenuation occurs 

(Masselink  and Pattiaratchi, 2001 b). The reef system runs parallel to the coastline at 

distances of 3.2 and 4.7 km from the shoreline, respectively (Fig. 5-2).  The crest level 
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of the reef systems varies between 4 m and 7m below MSL. These reefs attenuate 

incoming swell waves by 30 to 80%, at Yanchep, located 7 km to the south of Two 

Rocks Marina, and the wave attenuation across the reef systems were ~80% for 

offshore swell waves of 5 m wave height (Gallop et al., 2012). Using a high-resolution 

numerical model (with ~10 m resolution to resolve the reef systems) study at Yanchep, 

Bosserelle et al. (In prep)  found that the waves dissipate on the limestone reef ridges.  

For a storm with an offshore wave height (Hs) of 9 m, the offshore primary reef 

reduces the wave height from 7 to 5 m, the secondary reef reduces the wave height 

further to 3.5 m, and the patchy nearshore reefs reduce the wave height to less than 

3m.  In the nearshore, after propagating through the three reefs, only 20 to 30% of the 

wave energy remained (Bosserelle et al., In prep).  

5.2 Numerical model  

Boussinesq-type equations are used to simulate nonlinear wave transformation 

occurred in the form of wave shoaling, refraction, diffraction and reflection in shallow 

water, such as  coastal entrances and harbours however, applicability of the equations 

has been extended to deep water with  further modifications (Nwogu, 1993; Nwogu  

and Demirbilek, 2001).  

In this study , DHI MIKE 21 Boussinesq Wave model (BW) (DHI, 2009 a; DHI, 2009 b) 

was used to simulate infragravity waves in the nearshore region of Two Rocks marina. 

This model is based on the numerical solutions of the enhanced Boussinesq equations 

(Madsen  and Sørensen, 1992) and has been extended to the surf zone by including 

wave breaking (Madsen et al., 1997 a; Madsen et al., 1997 b; Sørensen et al., 1998; 

Sørensen et al., 2004). The model is suitable for simulating long wave motion as it can 

simulate nonlinear interactions among different components of the primary wave 

spectrum (Gierlevsen et al., 2001; Kofoed-Hansen et al., 2005; Kofoed-Hansen et al., 

2001).   

The MIKE 21 Spectral Wave (SW) model (DHI, 2009 c) was used to transform the wave 

climate from the extended model domain to the local fine grid BW model boundary 

(Fig. 5-1a).  
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5.2.1 Model set-up 

The MIKE 21 SW model covered a larger area, which included the location of the wave 

rider buoy off Rottnest Island (Fig. 5-1a).  The MIKE 21 inbuilt toolbox was used to 

generate the open boundary tides, although the tidal range is small (~0.5m). The 

model surface forcing included wind data from the Rottnest Island meteorological 

station. The Model’s west and south  boundaries  were forced with a combination of 

wave data from Rottnest and wave parameters from a wave model for Western 

Australia (Bosserelle et al., 2012). The model’s north boundary was kept as a lateral 

boundary for waves.  

The larger spectral wave (SW) model was run for seven days from 12th to 19th October 

2011 and included a storm, which occurred from 0600 to 0900 hrs on 16th October.  

This timespan also included a period where field data were available from inside the 

marina (Thotagamuwage  and Pattiaratchi, 2014b).  Two days were allowed for the 

model spin-up period and thus, assumed the storm event was simulated under fully 

established wave conditions.  The energy spectrum of the BW model western 

boundary forcing was extracted from the SW model for the storm event.  Similarly, the 

SW model was run from 1st to 4th November, and the BW model western boundary 

forcing energy spectrum was extracted to simulate calm sea conditions. 

The BW model domain (Fig. 5-2) extended ~6.75 km seaward to include the offshore 

reef systems, and covered ~10 km of coast.  The rectangular grids were used with 2 m 

resolution to produce a model domain consisting of 8.4 million computational cells.  

The model simulation period was set to three hours with an internal running time step 

of 0.1 second, to cover the storm event that occurred on 16th October 2011.  The grid 

spacing of 2 m and the time step of 0.1 s resulted in a maximum Courant number of 

0.72 in the deepest part of the model. 

The input wave conditions for the model were imposed through internal wave 

generation. This was performed by adding the discharge of the incident wave field 

along the specified wave generation lines. The advantage of using internal generation 

is that absorbing sponge layers can be placed behind the generation line, to fully 

absorb waves leaving the model domain. In order to place sponge layers, all open 
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boundaries need to be closed by adding an artificial land value to the open boundaries. 

An artificial land was placed along the model’s north, south and west boundaries, and 

introduced a sponge layer, with a thickness of 100 grids, along the artificial land 

boundaries. The sponge layer thickness was set 40 grids along the shoreline at the 

model’s east boundary.  The model was forced with waves generated at the internal 

wave generation line, which was placed adjacent to the sponge layer along the model 

west boundary, and the waves were synthesised based on the power density spectrum 

extracted from the SW model. The waves were generated perpendicular to the 

internal wave generation line and corresponded to a mean wave direction of 240°, 

which was the direction of waves during the storm. The directional spreading index 

was set at   6. 

A porosity layer was introduced around the rubble mound breakwaters and along the 

rubble revetments (Fig. 5-1b) to represent partially reflective boundaries with a 

thickness of four grids. Waves were allowed to break within the model domain.  No 

tidal forcing was applied in the model as the location has a very small tidal range 

(Pattiaratchi, 2011). 

5.2.2 Experimental setup 

The model was validated with the measured data obtained from the pressure sensors 

deployed at MJ, BR and NB inside the marina (Fig. 5-2). Several simulations with 

different  forcing methods representing a variety of sea states  were undertaken to 

study the short and infragravity wave evolution across the model domain and the 

marina’s response to the different sea states. 
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Fig. 5-2. BW model domain showing the offshore reef systems and, data extraction points 

outside and inside the marina.  

 

 

Simulations 1 and 2 represented actual (measured) stormy and calm wave events, 

which corresponded to the spectra (Fig. 5-3a and 5-3b) extracted from the SW model.  

Simulation 3 represented a synthetic sea condition with a wave group, which was 

generated with a spectrum consisting of two monochromatic waves with periods 13 

and 14 s (Fig. 5-3c). Simulation 4 represented a natural sea state forced by JONSWAP 

spectrum (Fig. 5-3d) with wave parameter values of Hs = 2.6 m, Tp = 13.7 s, and 

peakedness parameter (γ) value of 1.1 for a broad-banded spectrum (Hasselmann et 

al., 1973; Harkins  and Briggs, 1995).  
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Fig. 5-3. Forcing spectra for different sea states. (a) irregular directional broad-banded 

spectrum for stormy sea condition, (b) regular directional narrow-banded spectrum for calm 

sea condition, (c) regular uni-directional discrete spectrum for synthetic sea condition with a 

wave group, and (d) JONSWAP directional spectrum for natural sea condition 

 

Time series of surface water levels were extracted at one-second intervals from virtual 

wave gauge points inside the marina (MJ, BR and NB) and at the marina entrance (C6 

in Fig. 5-2) for each simulation to examine the marina’s response to the different 

forcing.  The surface water levels from virtual wave gauge points along the P transect 

outside the marina (Fig. 5-2) were similarly extracted for each simulation to examine 

the short and infragravity wave energy evolution across the model domain. A spatial 

resolution of 4 x 4 m and a temporal resolution of 0.2 s were used to extract the water 

levels over the entire marina and analyse the spatial energy distribution for the 

different frequency bands. 
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5.2.3 Model data analysis 

Three bands in the infra-gravity period band (IG bands) identified in the Section 3.3.2 

were used to examine the predicted oscillations in the marina (Note that the IG Band 2 

includes both 98 and 124 s oscillations): 

 IG band 1 (40–80 s)—0.0125–0.025 Hz 

 IG band 2 (80–180 s)—0.0055–0.0125 Hz 

 IG band 3 (180–300 s)—0.0033–0.0055 Hz 

The frequency widths of the oscillation bands were identified based on the frequency 

peaks and troughs in the power density spectra for NB, MJ, and BR (Fig. 3-3).   

The MIKE 21 inbuilt digital filtering toolbox (DHI, 2009 d) was used to band-pass filter 

the water levels extracted over the entire marina and to separate the water levels into 

the three oscillation bands.  Spectral energy maps and instantaneous water level maps 

were also prepared for the three oscillation bands. The energy in the spectral energy 

maps was normalised to the maximum energy, so that the energy levels among the 

three oscillation bands could be compared (Bellotti et al., 2012b).     

The water levels extracted at each wave gauge point (Fig. 5-2) were spectrally analysed 

(Hegge  and Masselink, 1996) to examine the energy distribution in the frequency 

domain. The results showed the dominant peaks produced through the oscillations in 

and outside the marina.  For each point along the P transect (Fig. 5-2), the total energy 

in the short wave and infragravity band was separated and normalised with respect to 

the offshore energy (at P1). Cross-shore energy variation plots were generated for the 

short wave and infragravity band to analyse the cross-shore evolution of the short and 

infragravity wave energy.  
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5.3. Model results  

5.3.1 Comparison of measured and predicted data 
 

Power density spectra obtained from the measured and predicted data sets for NB and 

BR (Fig. 5-2) during the storm, which occurred from 0600 to 0900 hours on 16th 

October 2011, highlighted the main frequency bands present within the marina  (Fig. 

5-4).    

 

 

 

Fig. 5-4. The measured and predicted power density spectra for (a) NB (b) BR and  (c) MJ 

during the storm, which occurred from 0600 to 0900 hours on 16th October 2011.   

 

Four main frequency peaks at 61, 98, 124, and 227 s were recorded in both measured 

and predicted data at both stations.  However, in the predicted data set, energy with 

frequencies higher than 0.02 Hz (periods < 50 s) were lower than that in the measured 
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data set. This under prediction of energy in the high-frequency infragravity band may 

have been due to the inadequate representation of the higher-frequency wind waves 

in the forcing spectrum.   Kofoed-Hansen et al. (2005) obtained a similar level of 

accuracy with a Boussinesq wave model in their study on long wave agitation in the 

Port of Long Beach in California. Their model also did not predict long waves with 

frequencies higher than 0.02 Hz (periods < 50 s). 

 

In Section 3.3.1, the peak at 13.5 minutes was identified as the fundamental oscillation 

period between the marina and the primary offshore reef (Fig. 5-2).   The model results 

have also identified this peak (Fig. 5-4) which is a confirmation that the reef systems in 

the model bathymetry are resolved.  However, this oscillation mode will not be 

considered further as it is outside the infragravity band of interest (25–300 s) which 

causes oscillations within the marina. 

5.3.2 Cross-shore evolution of infragravity wave energy  

The cross-shore structure of the normalised spectral energy of short waves and 

infragravity waves across the model domain was examined for each simulation (Fig. 5-

5). Along the transect P located across  the centre of the model domain, the stations 

were located as follows : P1 was located offshore at a depth of 25 m;  P2 and P4 at the 

crests of the primary and secondary reefs, at 8 m and 6 m depths respectively; P3 

above the channel where the local water depth was ~ 18 m; P5 and P6 were at 12 m 

depth; and P7 to P10 were at water depths which gradually decreased towards the 

shore (Fig. 5-5a).      

The cross-shore, normalised short-wave spectral energy structure (Fig. 5-5b) was 

similar for all the simulations and showed energy gradually decreasing towards the 

shore. The normalised infragravity wave energy (Fig. 5-5c) across the model domain 

was also similar for all the simulations and was inversely proportional to the local 

water depths, with the energy mainly increasing over the reefs and in the shallow 

region towards the shore. The short wave energy decreased landward whilst the 

infragravity wave energy increased, especially over the reefs (Figs. 5-5b, 5-5c). The 

energy over the primary reef increased by a factor ~10 and the energy over the 

secondary reef increased by a factor ~8 over the energy at P1. The Infragravity energy 
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also increased at P7, P8, P9, and P10 as the depths gradually decreased; however, 

these energy increases were smaller than those over the reefs. 
 
 
 
 

Fig. 5-5. (a) Cross-section of the model bathymetry along the P transect showing the wave 

gauge points (marked with black dots) and reef positions. (b) The normalised short wave 

energy and (c) the normalised infragravity wave energy across the P transect for simulation 1 

(stormy sea condition), simulation 2 (calm sea condition), simulation 3 (wave group condition), 

and simulation 4 (natural sea condition). 
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Spatial distribution of the normalised spectral energy in the infragravity band obtained 

from the band-pass-filtered (0.0033 – 0.04 Hz) data from simulation 1 (stormy sea 

condition) indicated that the normalised infragravity wave energy was higher than 0.6 

over the primary and secondary reef with several patches of normalised energy more 

than 0.8 especially over the primary reef (Fig. 5-6).  

Fig. 5-6. Spatial distribution of normalised energy in the infragravity band (25–300 s) over the 

model domain for simulation 1 (stormy sea condition) 

In a storm event, infragravity wave energy increases over the primary reef however, 

the energy dissipates by 45% and 60% at lee sides of the primary and secondary reefs 

respectively. A patch of high energy (> 0.8) was also present near the western 

breakwater mainly due to the effect of strong wave reflection.  

The spatial distribution of the normalised spectral energy in the infragravity band was 

similar for all the simulations, therefore spatial energy distribution only for simulation 

1 is shown in Fig. 5-6. 

5.3.3 Infragravity energy in the marina 

Time series of water levels predicted by the model for locations inside the marina (MJ, 

BR and NB, in  Fig. 5-2) contained spectral peaks corresponding to the marina’s natural 

frequencies (61, 98, 124, and 227 s), independent of the external forcing (Fig. 5-7).  At 

station C6 (Fig. 5-2), located outside the marina, the water level record indicated an 

almost constant energy across the infragravity frequency range with no distinct peaks, 



Chapter 5: Influence of offshore topography in marina oscillations 85 
 

 
 

in all the simulations except simulation 3, which showed an energy peak   around 227 s 

(Fig. 5-7c).  

 

Fig. 5-7. Spectral energy variation for MJ, BR, and NB inside the marina and C6 outside the 

marina for the different forcing methods (see Fig. 2 for locations): (a) simulation 1 (stormy sea 

condition); (b) simulation 2 (calm sea condition); (c) simulation 3 (wave group) and (d) natural 

sea condition. 

5.3.4 Spatial distribution of NOPs inside the marina 

Energy distribution, instantaneous surface water levels and water level envelopes (Fig. 

5-8 and 5-9 respectively) provide information on the seiching characteristics inside the 

marina for the three IG bands:  1 (40–80 s); 2 (80–180 s), and 3 (180–300 s) identified 

in Section 2. Antinodes occurred near the entrance (B and H, Fig. 5-8), along the 

boundary of south basin (C, D and G) and in the north basin (A).  Seiches at modes 1 

and 2 were present and the seiching characteristics are summarised in Table 5-1. 
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The instantaneous water level snapshots for each oscillation band display two extreme 

water levels for that band: for example, for band 1, low (Fig. 5-8b) and high (Fig. 5-8c) 

water levels occurred at anti-nodes A, B, and C.  The time interval between the high 

and low water levels was ~30 s, which represented an oscillation period of 60 s.   Note 

that the water levels at the anti-nodes A, B, C were in-phase, and along transects AB 

and BC, an anti-node is also present mid-way along the transect (Fig. 5-8b, 5-8c) and 

are highlighted in the water level envelopes (Fig. 5-9a, 5-9b).  These represent mode 2 

oscillations. 

 

Table 5-1. Oscillation periods, axes, and mode numbers for each oscillation band 

 

Oscillation 

band 
Oscillation period 

Axis of 

oscillation 
Mode number 

IG 1 61 s AB, BC, DG 2 

IG 2 
98 s DG 1 

124 s AB, BG 1 

IG 3 227 s 
AB 1 

GH 1 

 

IG band 2 (80–180 s) shows oscillations with periods of 98 and 124 s (Fig. 5-8d, 5-8e, 5-

8f and Table 5-1). The energy at point D was much lower than that at G (Fig. 5-8d), 

although it was higher than the minimum energy between the DG axis indicating an 

asymmetry of the oscillations along the DG axis (Fig. 5-9f). Super position of two 

oscillations along BG and DG increased the energy at point D, contributing to the 

energy asymmetry along the DG axis. 

 

In IG band 3 (180–300 s), the overall energy levels in the harbour were low except in 

the confined north basin. There were two oscillations with periods of 227 s along the 

AB and HG axes (Fig. 5-8g). The oscillation along the AB axis had an anti-node at point 

A and a ‘node’ at point B (Figs 5-8g, 5-8h, and 5-8j), which is also visible in Fig. 5-9g. 

This finding contradicted the previous finding where an anti-node occurred near the 

entrance in IG band 1 and IG band 2.     This disagreement will be discussed in Section 

5-4. 
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Two oscillation patterns occurred along the AB axis: (1) oscillations with periods of 61 s 

and mode number 2 in IG band 1 (Fig. 5-8a) and (2) oscillations with periods of 124 s 

and mode number 1 in IG band 2 (Fig. 5-8d). 
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Fig. 5-8. Maps of band-pass-filtered normalised energy levels (a, d, and g) and instantaneous 

surface water levels in the marina (b, c, e, f, h, and j). The straight black lines indicate the 

oscillation patterns that occurred in each oscillation band. Points A, B, C, D, E, F, G, and H 

indicate the antinodes. 



Chapter 5: Influence of offshore topography in marina oscillations 89 
 

 
 

 

 

 

Fig. 5-9. Water level envelopes extracted from the model at selected lines (see Fig. 4-8 for 

extraction lines). 

  

5.3.5 Energy distribution around the marina 

Plots of energy distribution in and around the marina show high energetic areas 

immediately outside the breakwaters in IG 1 and IG 2 oscillation bands (Fig. 4-10). 

Similar distribution can be noticed in Fig.4-6 even though the high-energy are at north 

is not visible. In IG band 3, a high-energy area is also present in the north basin 

however, the overall energy levels in IG 3 band are lower than that in IG 1 and IG 2 

bands (note the difference in the colour legends). The highest energy patches in IG 1 

and IG 2 are predominantly visible in west and north sides of the breakwaters and 

have been extended ~100 m to the west and ~50 m to the north. In IG 3 band, few 

highest energy patches have occurred along the west breakwater while relatively high-
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energy areas are visible at north breakwater. The low energy areas at top right corner 

and at the bottom of the west breakwater at each plot are the model artefact due to 

the sponge layers.  

 

Fig.5-10. Energy distribution around breakwaters (a) in IG 1 (40-80 s), (b) in IG 2(80-180 s) and  

(c) in IG 3 (150-300 s). Note the difference in colour legends. 
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5.4. Discussion 

5.4.1 Effect of offshore reefs on infragravity wave energy  

In all four simulations, infragravity waves were not included in the offshore forcing 

spectra, which contained only short period waves. However, infragravity waves were 

generated within the model region, when waves propagated from offshore to onshore 

(Fig. 5-5c). This phenomenon  was noted in several studies (Gierlevsen et al., 2001; 

Kofoed-Hansen et al., 2005; Kofoed-Hansen et al., 2001) in which long waves were 

produced through nonlinear interaction of different wave components in the short 

wave forcing spectrum. The results showed the energy in the short wave band 

decreased and the energy in the infragravity band increased as the waves propagated 

towards the shore (Figs 5-5b and 5-5c). This process can be attributed to the energy 

transformation from short waves to infragravity waves, similar to the findings of 

Gallagher (1971), Herbers et al. (1995a), and Thomson (2006). 

For all four offshore forcing conditions, the infragravity wave energy increased over 

the reef systems (Fig. 5-5c and Fig. 5-6).  This result suggested a mechanism 

independent of the external forcing, such as the uneven bottom topography in 

particular the presence of the offshore reef systems, might have produced infragravity 

wave energy over the reefs. However, the energy significantly dissipates over the lee 

side of the two reef slopes leaving only 36% of the energy generated at the primary 

reef at a distance of 1 km from the marina. The energy increases from there to the 

show with a low gradient. This small energy gain however, has been sufficient to 

generate oscillations at NOPs in the marina. The reason for large energy dissipation 

over the reef lee sides may be due to wave energy transformation from low 

frequencies to high frequencies however this needs further analysis to identify the 

potential processes clearly. 
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Fig. 5-11. Effect of the offshore reefs on the normalised infragravity energy evolution across 

the P transect for simulation 1 (stormy sea condition) 

 

To confirm the hypothesis that offshore reef systems may have influenced infragravity 

wave energy to generate over the reefs, model runs were undertaken with the same 

offshore forcing (‘storm’ conditions) but with two different bottom topographies: (1) 

the ‘real’ topography with the presence of reefs; and (2) topography with the removal 

of the reefs.  The results (Fig. 5-11) confirmed that the reef systems largely influenced 

the generation of the infragravity energy over the reefs. The increased infragravity 

energy over the reefs was in turn influenced to increase the infragravity energy near 

the marina by 50%.   

It has been found that uneven bottom  topography can induce free infragravity waves 

through breaking of short wave groups (Nakamura  and Katoh, 1993) and refraction of 

short wave groups (Janssen et al., 2003; Thomson, 2006; Zou, 2011); thus the 

infragravity waves that were generated over the reef systems in this study could be 

considered free infragravity waves. Their generation over the reefs may have been due 

to the processes of wave breaking or reflection over the reefs. Previous studies were 

limited to short wave group forcing; however, this study revealed that uneven bottom 

topography associated with reef systems could also produce free infragravity waves, 

independent of external forcing. 
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5.4.2 Effect of offshore forcing on infragravity wave energy in the marina 

The energy spectrum outside the marina for each simulation (C6 in Fig. 5-7) showed 

the energy in the infragravity band was mostly constant, with no frequency peaks 

similar to the marina’s NOPs of 61, 98, 124, and 227 s.  Thus, the seiching inside the 

marina are not generated through a resonance condition. Therefore, in the case of 

Two Rocks marina, the NOPs are excited through a wide range of frequencies in the 

infragravity band under non-resonance conditions. These results agree with those of 

Okihiro and Guza (1996), who found frequency peaks in the infragravity band inside 

three harbours (Barbers Point and Kahului harbours in Hawaii and Oceanside Harbour 

in California) whilst the infragravity frequencies outside the harbours were 

approximately ‘white’ (no main frequency peaks). 

As discussed in Section 5.1, the presence of the offshore reefs increased the nearshore 

infragravity energy (Fig. 5-11); this increased energy may have excited the marina’s 

NOPs. McComb et al. (2009) carried out a similar numerical modelling study at 

Geraldton, ~360 km north of Two Rocks.  They suggested that infragravity energy was 

generated during the swell wave transformation over the shallow (4–6 m depth MSL) 

and wide (3 km) reef platform next to the harbour entrance, and that this energy was 

further excited inside the harbour. However, unlike the broad, shallow reef platform at 

Geraldton, which acts as a transformation zone, the reefs at Two Rocks are shaped as 

narrow bars running parallel to the shore and located farther offshore (4.7 km), 

influencing infragravity wave generation within and around Two Rocks marina. 

5.4.3 Effect of the marina configuration on oscillation patterns 

Wave energy distribution maps can be used to interpret the modal structure of wave 

energy when examining existing harbours (Bellotti et al., 2012b), modifying existing 

harbours (Briggs et al., 1994; Gierlevsen et al., 2001), and designing new harbours 

(Kofoed-Hansen et al., 2001). The energy distribution maps for the marina revealed 

that different oscillation patterns prevailed within each oscillation band (Fig. 5-8). 

The measured power density spectrum for BR in the south basin showed four 

consecutive frequency peaks at 43, 56, 63, and 76 s (Fig. 3-3). This observation can be 
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compared with the energy map of IG band 1 (40–80 s) (Fig. 5-8a) in the model. 

Different oscillations could occur along the axes joining the antinodes (C, D, E, F, and 

G) around the south basin. Thus, the frequency peaks that appeared in the measured 

spectrum may have represented these oscillations in the south basin. The results from 

the measured data did not explain this phenomenon; however, it can be explained 

using both measured and predicted data. 

In IG band 3, the water levels along the AB axis fluctuated in a smaller range at point B 

and a higher range at point A (Fig. 5-9g). Because the north basin at point A is 

confined, wave energy was trapped here whilst wave energy was spread over a wider 

area at point B (Fig. 5-8g); this caused an asymmetric energy distribution along the AB 

axis and a ‘false node’ to occur at point B.  

There were two oscillation patterns, occurred along the AB axis: (1) with periods of 61 

s and mode number 2 in IG band 1 (Fig. 5-8a); and, (2) with periods of 124 s and mode 

number 1 in IG band 2 (Fig. 5-8d). One could argue that the 61 s oscillations were 

higher harmonics of the 124 s oscillations because their period was nearly half of the 

124 s oscillations. If this were true, the amplitude of the water levels at point A due to 

the 61 s oscillations would have been less than the amplitude due to the 124 s 

oscillations; however, the maxima of the water level amplitudes of these oscillations 

were about equal (about 0.08 m) (Fig. 5-9a and 5-9d). This result revealed these 

oscillations were two separate oscillation patterns and that the ‘approximately closed 

water body behaviour’ of the confined north basin produced the 61 s oscillations. 

The energy maps (Fig. 5-8) and the water level envelopes (Fig.5-9) showed the marina 

acted as a partially enclosed basin. A harbour is generally considered a partially 

enclosed basin (Rabinovich, 2009). It generally behaves as a closed or partially 

enclosed or open basin depending on the ratio of its entrance width to basin width 

(aperture ratio), which is a value between one and zero. A basin with a narrow 

entrance can be considered a partially enclosed basin with a frictionless boundary at 

the entrance because the horizontal water velocity is zero at the anti-node at the 

entrance (Van Rijn, 1990). Two Rocks marina has an aperture ratio of ~ 0.17 and can 

therefore be considered as a partially enclosed basin. 
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The high energetic areas along the outer boundaries of the breakwaters have been formed 

due to the wave reflection at the breakwaters. Incidence waves directly reflect at the west 

breakwater while waves diffracted at the tip of the west breakwater and then reflect at the 

north breakwater. The plots in Fig. 5-10 show modal structures at the immediate vicinity of the 

marina (to a certain extent) in each band, which are in synchronise with the modes in the 

marina. The results revealed the Two Rocks marina’s oscillation behaviour was complex 

because the main jetty in the middle of the marina divides the marina into two basins. 

This finding may be important regarding future modifications to the marina to 

minimise oscillations.  

The results of this study indicated that the infragravity waves, generated over the 

offshore reefs independent of the offshore wave conditions, increase the nearshore 

infragravity wave energy, which in turn excite the marina’s NOPs. In a coastal area 

characterised by uneven bottom topography, infragravity waves are generated by 

incident wind/swell waves.  A marina or a harbour located in such environment is at 

risk of infragravity period oscillations, depending on the geometry of the marina (or 

the harbour).  Therefore, it is important to understand infragravity wave periods 

prevalent in a coastal region characterised by uneven bottom topography, prior to 

design a harbour.  

Boussinesq models require a longer simulation time; hence, model domains that 

contain a few million computational cells and running time steps of fractions of 

seconds are constrained when this type of model is used. However, it is necessary to 

use large model domains to include complex surrounding topography, such as offshore 

reefs, which can affect infragravity wave generation. This provides better prediction of 

infragravity waves, generated through the wave-topography nonlinear physical 

processes such as wave breaking, refraction, diffraction, and reflection. 

5.5. Concluding remarks 

Field measurements from Two Rocks Marina, indicated that infragravity period 

oscillations were always present inside the marina and the amplitude of the 

oscillations was related to the incident swell climate and were enhanced during storm 

events.  An existing Boussinesq wave model was used to examine: (1) source of the 
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infragravity waves incident on the marina; and, (2) modal characteristics of the 

infragravity period oscillations inside the harbour. The model was validated using field 

data and was able to reproduce the main oscillation periods within the marina.   

The cross-shore evolution of the infragravity wave energy was examined using 

simulations with different contrasting incident wave conditions, which included 

measured and idealised wave spectra.  The model results indicated that the offshore 

reefs increased the free infragravity wave energy through energy transformation from 

short waves to infragravity waves during the wave propagation, independent of 

external forcing. The offshore reefs increased the infragravity wave energy by factor of 

~10 when compared to the infragravity wave energy offshore. The infragravity wave 

spectrum outside the marina entrance consisted of near-constant energy level (no 

main frequency peaks) was the energy source to excite the marina’s natural 

frequencies under non-resonance conditions. The predicted energy distribution maps 

and water level snapshots inside the marina identified the modal structure for 4 

different oscillations (at 61s, 98s, 124s 227s) within the marina which included both 

mode 1 and mode 2 oscillations.   

Finally, this study indicates that in coastal regions characterised by complex offshore 

topography, the design of harbours and marinas have to consider the presence of 

infragravity waves, which are capable of inducing infragravity period oscillations, which 

may lead to problems with harbour or marina operations. 
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6. Minimisation of infragravity 

period oscillations in the marina 

Summary 

Two Rocks Marina in Western Australia is located in a coastal region where, the 

incident infragravity wave periods are spread over a broad range between 90s and 325 

s.  This infragravity wave period range   was  considered to derive the initial value of 

the aspect ratio, and to estimate preliminary dimensions for a new marina, which 

would reduce infragravity period oscillations within the marina.  Five alternative 

marina layouts were simulated for three different entrance widths to analyse 

infragravity and wind/swell (short) wave response, and to select a layout providing 

optimum protection to both infragravity and short wave disturbance. Dimensions of 

the alternative layouts were selected based on the initial aspect ratio. The results 

indicated that significant wave heights in (1) the wind/swell wave band do not 

significantly vary with the aspect ratio; and (2) the infragravity band decreased as the 

aspect ratio increased for a constant marina entrance width and a depth.  In addition, 

wave heights in the infragravity band increased as the aperture ratio increased, for the 

same entrance width and the depth. When the aspect ratio reaches a critical value, 

further increase in the aspect ratio and further decrease in the aperture ratio do not 

significantly contribute for further reduction in wave heights in the infragravity band. 

The study provides guidance for accounting background infragravity wave period range 

in designing and modifying marinas, to minimize infragravity period oscillations inside 

marinas.  
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6.1. Introduction  

Marinas are protected against short waves (wind/swell band with periods < 25s) by 

construction of breakwaters providing narrow entrances. However, narrowing the 

marina entrance may lead to amplification of infragravity  period oscillations (25-300 s) 

inside the marina.  Miles and Munk (1961) referred this phenomenon as the ‘Harbour 

paradox’. Many ports, harbours and marinas around the world have been reported to 

be influenced by infragravity period oscillations leading to interruption of port 

operations. Some examples are Esperance Harbour in Australia (Morison  and 

Imberger, 1992), Barbers Point Harbour in Hawaii (Harkins  and Briggs, 1995), Port of 

Ferrol in Spain (López et al., 2012), Hualien Harbour  in Taiwan (Yang, 2010), Port 

Taranaki in New Zealand (McComb et al., 2005),  and  Marina di Carrara in Italy 

(Bellotti  and Franco, 2011).  

Natural oscillation period (NOP) and level of energy damping (also known as ’Q-factor’) 

are two properties of a marina, which are defined by the marina geometry (Sorensen  

and Thompson, 2008): length (L), width (l), entrance width (b) and mean water depth 

(h). In a marina with lengths and depths of the order of 500 m and 10 m respectively, 

the NOPs are of the order of few minutes (Harkins  and Briggs, 1995), and coincide 

with infragravity waves with typical periods of 25 to 300 s (Wu  and Liu, 1990).    

Impacts of infragravity-period oscillations in marina operations can be minimized by 

artificially increasing the internal dissipation and/or by changing the marina geometry.  

Modifications for marina dimensions by reconstruction or introduction of new 

elements can significantly change NOPs and the level of energy damping inside the 

marina (Rabinovich, 2009). NOPs can be excited through resonance when periods of 

waves outside the marina coincide with the NOPs. Therefore, an appropriate marina 

layout modification scheme has to be chosen to eliminate the coincidence of the NOPs 

and the wave periods outside the marina.   

Studies have been carried out to investigate infragravity period oscillations in the 

context of designing new marinas, and altering existing marina geometries. Some 

examples are Torsminde harbour in Denmark and Port of Long Beach in California 

(Kofoed-Hansen et al., 2005), Port of Geraldton in Australia (McComb et al., 2009; 
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Johnson  and McComb, 2011), Port of Sines in Portugal (Gierlevsen et al., 2001), and 

Beirut Central District Western Marina in Lebanon (Kofoed-Hansen et al., 2001). 

However, none of these studies have considered the periodicity of infragravity waves 

outside the marina, and their relationship to the NOPs of the modified or proposed 

marina.  

Two Rocks Marina, located in south-west Australia (Fig. 6-1), is 650 m long, 260 m 

wide, with a surface water area of ~0.15 km2 (Fig. 6- 1b), and an average depth of 3.5 

m to mean sea level (MSL).  The marina is fronted by two submerged reef systems 

located parallel to the coastline at distances of ~3.2 and 4.7 km offshore from the 

shoreline respectively.  The crest level of the reef systems varies 4-7 m below MSL. The 

offshore wave climate is dominated by swell waves  with a 40 year mean significant 

wave height (Hs) of 2.14 m and a peak wave period of 13.7 s with respect to Rottnest 

Island data (Fig. 6-1a) (Bosserelle et al., 2012).  

Fig. 6-1: (a) Map of study area showing the  locations of Two Rocks and Rottnest Island. (b) 

Two Rocks Marina  
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Results of previous field observations (Thotagamuwage  and Pattiaratchi, 2014b) in 

Two Rocks Marina revealed four dominant oscillations in the infragravity band in the 

marina at 61, 98, 124 and 227 s, which were generated through excitation of the 

marina’s NOPs.  It further revealed that the marina experiences infragravity-period 

oscillations throughout the year, occasionally causing excessive water motions during 

storm events that result in undesirable conditions within the marina. The results of 

subsequent numerical model simulations (Thotagamuwage  and Pattiaratchi, 

2014a)revealed that the spectral energy of infragravity waves outside the marina has a 

broad peak spread over the period range of 90-325 s, which covers three main NOPs of 

the marina, 98, 124 and 227 s.   

In this study, a methodology was proposed to develop a new marina layout with length 

dimensions, which are derived using the infragravity period range outside the marina. 

Further, the study analyses the sensitivity of marina dimensions to infragravity period 

oscillations inside the marina, and tests different layouts in terms of providing 

optimum marina protection for both short and infragravity waves.  

6.2. Methods 

6.2.1 Harbour dimensions 

Relationships of basic parameters of a marina basin can be defined by; 

 Aspect ratio      Llq /                                                                (6.1) 

Aperture ratio   lb /                               (6.2) 

Where l is the width of the basin, L is the length of the basin and b is the width of the 

entrance.   

The infragravity wave period range outside the marina is 90-325 s as revealed by field 

measurements and numerical modelling (Thotagamuwage  and Pattiaratchi, 2014b; 

Thotagamuwage  and Pattiaratchi, 2014a). Therefore, in a new marina layout, lengths 

that contribute to NOPs between 90 to 325 s have to be avoided. These lengths can be 

calculated by using Merian’s formula (Pugh, 1987);  
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Where H is the average marina depth, and g is the acceleration due to gravity. The 

mode number n is a positive integer, which equals the number of nodal points. 

Assuming that the average depth of the new marina is 4 m, lengths corresponding to 

the period range 90-325 s are 280-1020 m for an ‘enclosed’ marina, where the 

aperture ratio <<1. For an ‘open’ marina (a semi-enclosed marina), the corresponding 

length range is 140-510 m. If these two limiting lengths (280 m and 1020 m for an 

enclosed marina, 140 m and 510 m for an open marina) are considered as the width (l ) 

and the length (L ) respectively, the aspect ratio is 0.27.  

Five marina layouts were selected with aspect ratio greater than the minimum value of 

0.27 for further analysis to examine infragravity wave agitation.  All the layouts were 

limited to simple rectangular shapes as the aim was to define the effect of aspect ratio 

on infragravity wave agitation inside the marina.  Further, the entrance width and the 

mean depth were kept constant at 70 m and 4 m respectively for all the layouts to 

avoid effects of varying entrance widths and depths within the marina. In the next 

stage, three different entrance widths were considered by keeping the length and the 

average depth constant in each layout, to investigate the effect of aperture ratio on 

infragravity wave response inside the marina. 

Oscillations occur along both horizontal axes in a rectangular water basin, if the basin 

has significant width compared to the length (Sorensen  and Thompson, 2008). The 

NOP of this particular situation is given by; 
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Where, Tn,m  denotes the natural oscillation period, and n, m are the node numbers 

along the longitudinal and latitudinal axes of the basin. The NOPs calculated using this 

equation were used to compare the NOPs predicted by the numerical model 

simulations.  
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6.2.2 Numerical model 

The DHI MIKE 21 Boussinesq Wave model (BW) (DHI, 2009 a; DHI, 2009 b) was used to 

simulate infragravity wave agitation in the marina.  The BW model is based on the 

numerical solutions of the enhanced Boussinesq equations (Madsen  and Sørensen, 

1992). The model includes wave breaking (Madsen et al., 1997 a; Madsen et al., 1997 

b; Sørensen et al., 1998; Sørensen et al., 2004), and suitable for simulating long waves, 

generated within the model through nonlinear interactions of different primary wave 

spectrum components (Gierlevsen et al., 2001; Kofoed-Hansen et al., 2005; Kofoed-

Hansen et al., 2001).   

 Model set-up 

The BW model domain (Fig. 6-2) extended about 5 km seaward, and covered about 4 

km of coast.  Rectangular grids were used with a 2 m resolution, the model simulation 

period of 180 minutes with an internal running time step of 0.1 second. An artificial 

land was placed along the model’s north, south and west boundaries and 

appropriately introduced sponge layers and porosity layers to represent absorbing 

boundaries and partially reflective boundaries. The model was uni-directionally forced 

along the west boundary of the model, with waves generated by the white noise 

spectrum (see below). The model was forced for the first 90 minutes, and then allowed 

to run without any external forcing for the second 90 minutes.  

 White noise simulation 

A white noise spectrum is characterised with an almost constant energy distribution 

over a wide range of long wave frequencies. Although it does not represent actual sea 

conditions, white noise simulation facilitates the identification of potential oscillation 

periods under the forcing of a wide frequency range.  The white noise spectrum used 

in this study consisted of waves with periods from 30 to 600 s. Since white noise 

simulation represents a synthetic sea condition, it cannot be concluded that the 

oscillation periods identified in the white noise simulation to occur during actual sea 

conditions (Gierlevsen et al., 2001). Therefore, the selected marina layout must be 

investigated under actual sea conditions. The storm spectrum derived from the 

measured data (Thotagamuwage  and Pattiaratchi, 2014b) was used to represent the 

actual sea conditions in this study.  
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Fig. 6-2. BW model domain showing the data extraction points outside and inside the new 

marina layout.  

 Identification of seiche characteristics 

Seiches are free oscillations. Under seiching conditions, oscillations occur exactly at the 

natural frequencies of the marina and, the oscillations continue subsequent to the 

cessation of the external forcing. To simulate this phenomenon, the model was forced 

for a sufficient duration to ensure that the water body within the marina was 

disturbed beyond its equilibrium condition. Subsequently, the external forcing was 

stopped, allowing the water body to oscillate independently, which represents a freely 

oscillating seiche condition.   

 Model experiments 

Numerical model experiments were performed to identify the infragravity wave 

response to different marina geometries under the same forcing conditions. Marina 

geometries were defined according to different aspect ratios and aperture ratios.  

Different aspect ratios 

Five marina layouts of different aspect ratios were investigated to analyse infragravity-

period oscillations inside the marina. As mentioned in Section 6.2.1, the initial aspect 

ratio is 0.27 in this particular wave climate and topographical set-up. The 
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corresponding length and width of the marina are 280 and 1020 m in order to 

minimise strong oscillations. However, these dimensions have been slightly altered 

due to the consideration of practical aspects of marina design given in the Guidelines 

for marina  design (2001). Having maintained reasonable compromise between 

internal space for vessel manuring and dimensions preferred for minimal oscillations 

within the marina, dimensions were chosen while keeping the initial aspect ratio at 

0.27.  Different layouts and their dimensions together with values for the aspect ratios 

are tabulated (Table 6-1). 

Table 6-1: Different marina layouts with dimensions and aspect ratios 

Layout 

NH2 NH3 NH4 NH5 NH6 

Length (L) 1250m 1100m 1100m 1100m 1100m 

Width (l ) 340m 380m 460m 560m 670m 

Entrance 

width (b) 
70m 

Aspect ratio 

(l/L) 
0.27 0.35 0.42 0.51 0.61 

Average depth 

(H) 
4 m 

 

The aspect ratio was 0.27 (the initial value) at NH2 and it was gradually increased to 

0.61 at NH6. The width was continuously increased from NH2 to NH6 whilst the length 

was kept constant at 1100 m, however, the length of NH2 was 1250 m to make the 

aspect ratio 0.27. Therefore, this layout has more exposed to incident waves than 

other four layouts even though the entrance width was kept at 70 m for all five 

layouts.  The average depth was 4 m for all five layouts. 

All the layouts were simulated by forcing with the white noise spectrum. Surface water 

levels were extracted at one-second intervals for each simulation at four virtual wave 
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gauge points inside the marina, to evaluate the infragravity and short wave responses 

of different marina layouts. Two wave gauge points were at the two ends of the 

longitudinal direction of the marina, P8 and P10, one was at the middle of the marina, 

P9, and the other was at the marina entrance, P6 (Fig. 6-2).  Surface water levels were 

also extracted over the entire marina area with a spatial resolution of 4 x 4 m and a 

temporal resolution of 0.2 s, to produce the spatial energy distribution in the 

infragravity band for all layouts.  

Different aperture ratios 

Three entrance widths were considered for the above five marina layouts (NH2-NH6) 

and investigated the infragravity period oscillations inside each layout. Table 6-2 shows 

the layouts and their values for the aperture ratios. The aspect ratio for each layout 

and the average depth were same as the previous experimental set-up. The model 

forcing and the data extraction were also same as the previous set-up. 

Table 6-2: Marina layouts with aperture ratios 

Layout Width (l ) 
Aperture ratio for different entrance widths 

70 m 90 m 110 m 

NH2 340 m 0.21 0.26 0.32 

NH3 380 m 0.18 0.24 0.29 

NH4 460 m 0.15 0.20 0.24 

NH5 560 m 0.13 0.16 0.2 

NH6 670 m 0.10 0.13 0.16 

 

Simulations under actual sea condition 

The layouts were screened in terms of providing the optimum protection to 

infragravity waves and short waves, and forced the selected layout with the storm 

spectrum to investigate its response to infragravity and short wave agitation under 

actual sea conditions. Water level data were extracted same as the two previous 

experimental set-ups.  
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6.3. Model data analysis 

The water level at each virtual wave gauge point (P6, P8, P9 and P10 in Fig. 5-2) was 

subjected to spectral analysis (Hegge  and Masselink, 1996) to identify the dominant 

frequencies of oscillations within the marina.  

Water level data at the points inside the marina were subjected to high pass and band 

pass filtering (Emery  and Thomson, 1998) to separate water levels into the short (<25 

s) wave band (wind/swell) and into the infragravity band (25-300 s), respectively. The 

significant wave height (Hs) was estimated from the filtered water level time series, at 

each grid point inside the marina, using 4sH , where  is the standard deviation of 

the time series (Emery  and Thomson, 1998).  

MIKE 21 inbuilt digital filtering toolbox (DHI, 2009 d) was used to separate the water 

levels in the infragravity band. For each marina layout, a spectral energy map was 

prepared for the infragravity band, to identify the spatial distribution of oscillation 

patterns within the marina.  The energy in the spectral energy maps was normalised to 

the energy at the entrance (P6 in Fig. 6-2), so that the energy levels could be compared 

between the layouts (Bellotti et al., 2012b). 

6.4.     Results 

6.4.1 Water levels 

Time series of water levels extracted at two points: P6 located at the marina entrance 

and P8 close to the northern boundary of the marina (refer Fig. 6-2 for locations of 

points) are shown in Fig. 6-3. The time series at P6 showed direct response to the 

changes in external forcing: initially the forcing is through white noise and water levels 

varied between 1.5 and 2.0 m.  After the cessation of the external forcing (after 2700 s) 

the fluctuations in the water levels reduced rapidly and approached zero after 3500 s.   
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Fig. 6-3. Water level time series inside (P8) and outside (P6) the marina for layout NH2 

 

In contrast, the water levels at P8 indicated an almost constant variation over the 

entire simulation, even though the amplitudes were considerably lower than at P6 

during the first half (forced waves) of the simulation.  Subsequent to the ceasing of the 

external forcing, water level at P8 maintained its seiching to the end of the simulation. 

6.4.2 Seiche periods 

The model was forced by the white noise spectrum at the boundary. Under the 

external forcing in NH2, two energy peaks are visible at 263 s and 167 s (Fig. 6-4a). 

Under no external forcing, a free wave condition exists within the marina allowing 

seiches to occur by  establishing series of well-developed energy peaks which are more 

dominant than the two peaks occurred under the external forcing (Fig.5-4b). The peaks 

at 385 and 127 s have been occurred at two boundaries, P8 and P10, denoting seiche 

modes n=1, m=0 and n=3, m=0 respectively which are in close proximity of the 

calculated values, 395 and 132 s, given by the Eq. 5-4. Similarly, the peaks at 188 and 

96 s have been occurred due to water level variation at two boundaries (P8, P9) and 

the middle area of the marina (P10) denoting n=2, m=0 and n=4, m=0 seiche modes, 

and they are close to the  calculated values, 198 and 99 s.   

During the external forced wave simulation in NH4, most of the peaks are not 

dominant however, two energy peaks may be indentified at 256 s and 169 s (Fig. 6-4c) 

at all three points.  After termination of the external force, several energy peaks have 
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been occurred indicating seiching in the marina (Fig. 6-4d). The peaks at 357 s and 169 

s represent n=1, m=0 and n=2, m=0 seiche modes respectively, and are in the close 

proximity of the calculated values, 348 s and 174 s. Three peaks at 117, 71 and 34 s 

have been formed due to the three-dimensional seiching effect in the marina. Seiche 

mode n=2, m=1 has been formed at 117 s which is closed to the calculated value of 

112 s. The peaks at 71 s and 34 s denote n=4, m=1 and n=4, m=4 modes respectively, 

and match their calculated values 75 and 34 s.     

 

Fig. 6-4. Power density spectra inside the marina at P8, P10 (near the reflecting boundary) and 

P9 (at the middle of the marina) for layout NH2 during: (a) with external forcing; (b) without 

external forcing; and, for layout NH4 during (c) with external forcing; (d) without external 

forcing 

In addition to the comparison of seiche periods between NH2 and NH4, Fig. 6-5 

provides density spectra at P8, P9 and P10 in NH3, NH5 and NH6 during with and 

without the external forcing. Similar to NH2, density spectra at NH3 also have four 
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peaks appeared at 338, 167, 119 and 87 s, corresponding to its first four seiche modes 

in longitudinal axis where m=0 (Fig. 6-5b). The calculated seiche periods for these 

modes are 348, 174, 116 and 87 s, again in the similar range of the modelled seiche 

periods. Two peaks have been occurred in NH5 at 125 s and 76 s corresponding to its 

n=2, m=1 and n=2, m=2 seiche modes (Fig. 6-5d), and they match the calculated 

periods of 124 and 79 s. One dominant peak has been occurred at 71 s in NH6 (Fig. 6-

5f) denoting three-dimensional seiche mode of n=4, m=2 which the calculated seiche 

period is 67 s. 

 

 

 

 

 



Chapter 6: Minimisation of oscillations in a marina 110 
 

 
 

 

Fig. 6-5. Power density spectra inside the marina at P8, P10 (near the reflecting boundary) and 

P9 (at the middle of the marina) for layout NH3 during (a) with external forcing; (b) without 

external forcing; for layout NH5 during (c) with external forcing; (d) without external forcing; 

and for layout NH6 during (e) with external forcing; (f) without external forcing 
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6.4.3 Wave height distribution for different layouts 

The predicted significant wave heights (Hs) at P8, P9 and P10 for each layout indicated 

that the Hs, for short period waves (Hs,sw) were similar at all points in each layout (Fig. 

6-6a), with Hs,sw in layouts NH3 to NH6 being just below 0.15 m, whilst Hs,sw in NH2 was 

~0.28 m (Fig. 6-6a).  In contrast, the infragravity wave heights (Hs,IG) rapidly decreased 

from NH2 to NH4 and further decreased from NH4 to NH6 with very small gradient.  

Fig. 6-6. Comparison of significant wave heights inside layouts NH2 to NH6. (a) short waves 

(T<25s), (b) infragravity waves (25<T<300s), and (c) aspect ratio for all layouts.  

Unlike Hs,sw, Hs,IG varied at points in each layout (Fig. 6-6b). However, Hs,IG at P8 and 

P10 were in closer range than the Hs,IG at P9; Hs,IG at P9 was at a minimum in NH2 and 

NH3, and at a maximum in NH4 to NH6; Hs,IG at all three stations in NH4 to NH6 were 

lower (below 0.1 m) than those in NH2 and NH3.  

Short wave heights (Hs,sw) did not indicate any noticeable variation to changes in the 

aspect ratio, except in NH2 (Fig. 6-6a, 6-6c), whilst infragravity wave heights (Hs,IG) 

decreased with increasing aspect ratio (Fig. 6-6b,  6-6c).  
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6.4.4 Energy distribution 

Energy distribution of the infragravity band during free forcing simulation in layouts 

NH2 and NH4 are shown in Fig. 6-7. Modal structure is not very clearly noticeable in 

NH2 however, energy is highest near P8 and high energy areas are also present around 

the inner wall, whilst energy is relatively low over the water body of the layout (Fig. 6-

7a) indicating n=1, m=0 mode. In addition, there is a slight increase across the mid-

point indicating the seiche modes of n=2, m=0 and n=4, m=0. This phenomenon was 

also reproduced by the wave height plot of infragravity waves (Fig. 6-6b) in NH2, 

showing higher wave heights at corner points (P8 and P10) than at the point in the 

middle of the layout (P9). 

 

Fig. 6-7. Comparison of energy in infragravity band inside layouts (a) NH2 and (b) NH4 

NH4 in contrast, indicates clear modal structure along its longitudinal axis, n=4, and 

along the latitudinal axis, m=1 (Fig. 6-7b). Normalised energy plots for the infragravity 

band in NH2 and NH4 indicated that the energy in the infragravity band in NH4 (Fig. 6-
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8b) was ~5 times lower than the infragravity band energy in NH2 (Fig. 6-8a), and has a 

very small energy variation throughout the marina. 

 

Fig. 6-8. Comparison of normalised energy in infragravity band inside layouts (a) NH2 and (b) 

NH4   

 

Maps of energy distribution in infragravity band during free forcing simulation in NH3, 

NH5 and NH6 are shown in Fig. 6-9. The energy is normalised within each layout. In 

NH3, seiches corresponding to the first four longitudinal modes have been occurred 

(Fig.6-5b) however, only the seiche mode with n=3, m=0 can be identified in Fig. 6-9a. 

Even though the energy distribution in NH5 and NH6 appears to be complicated, some 

seiche modes can be identified   through careful observation.  In NH5, the seiche mode 

of n=2, m=1 (125 s) is present with two broad nodes along the longitudinal axis and 

with anti-nodes at P8, P9, P10 and another four anti-nodes along the two long 

boundaries (Fig.6-9b). In addition to this mode, power density spectra in NH5 (Fig.6-

5d) show another seiche mode of n=2, m=2 (76 s) however, it is not clear in the energy 
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map.  In NH6, only one seiche mode has been formed with n=4, m=2 (71 s) and it can 

be approximately identified in Fig.6-9c.  

Fig. 6-9. Comparison of energy in infragravity band inside layouts (a) NH3 , (b) NH5 and (c) NH6 

 

6.4.5 Wave height distribution at different aperture ratios  

For a given marina entrance width, the significant wave height in the infragravity band 

(Hs,IG) decreased with the decreasing aperture ratio (Fig. 6-10a), and for a given layout, 

Hs,IG decreased with the increasing aperture ratio (Fig. 6-10b). The Hs,IG rapidly 

decreased from NH2 to NH4, and after that further decreased only slightly from NH4 

to NH6 (Fig. 6-10a). The Hs,IG within NH2 and NH3 decreased by 55-60%, when the 

entrance width increased from 70 m to 90 m (Fig. 6-10b).  Further increase in entrance 

width, from 90 m to 110 m, did not significantly contribute for further decrease in 

wave height. However, entrance width does not significantly influence in wave height 

variation between layouts NH4, NH5 and NH6.  
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Fig. 6-10. Significant wave height variation in infragravity band for different aperture ratios.     

(a) for each entrance width, (b) within each layout.  

 

6.4.6 Energy distribution under storm event 

The layouts NH2 and NH4 of the entrance 70 m were selected to simulate with   storm 

event.  Thotagamuwage and Pattiaratchi (2014b) demonstrated that in the present 

existing configuration, the seiching in Two Rocks marina significantly increased during 

storm events. New marina layouts, NH2 and NH4, were simulated with a 

representative storm event to determine oscillations under actual sea condition.   

Fig. 6-11. Power density spectra for (a) NH2 and (b) NH4 at actual sea condition (storm). 

In NH2, 345 s period has been excited by the incidence infragravity waves at the 

marina entrance with the same periodicity, forming n=1, m=0 oscillation mode (Fig.6-

11a). However, the calculated NOP for this mode (fundamental mode) is 395 s, and 
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therefore this condition cannot be attributed to a resonance. The peak at 192 s on the 

other hand, is very close to the first harmonic of the fundamental mode, 198 s. No 

peak is visible in the incidence waves that directly match the 192 s and therefore, it 

may have been excited by the incidence waves with period in the close proximity (154 

s). Some of the peaks occurred towards high frequency end are significant however, 

not common to all three points or common to P8 and P10 indicating that standing 

waves are not present.  

As a whole, the energy distribution in NH4 (Fig.6-11b) is lower than that in NH2. The 

fundamental NOP, 348 s (n=1, m=0) has not been excited. The peak at 154 s is not 

close to the first harmonic 174 s (n=2, m=0), however it has been non-resonantly 

excited by the incidence waves with the same periods. The other peaks occurred at 

114, 73 and 35 s are in the close proximity of the calculated NOPs 112, 75 and 34 s.  

The same periods are present in the incidence wave spectrum and it indicates that 

these peak periods inside the marina have been excited through resonance. However, 

there is no risk of generating high waves in the infragravity band since the overall 

energy in the marina is low as shown in 6.4.3.  

6.5. Discussion 

6.5.1 Determining seiche periods 

During the first half of the simulation with the external forcing of white noise 

spectrum, oscillations have been occurred at several periods and they are different 

from the seiche periods occurred during the second half of the simulation with free 

forcing. Under forced condition, frequencies of the oscillations are determined by the 

external forcing frequency.  A white noise spectrum includes wide range of frequencies 

and hence is able to excite not only the eigen modes of a harbour but other 

frequencies which have the potential to be excited. For example, in forced simulation, 

oscillations occurred around 769 s and 269 s in Fig.6-4 and Fig. 6-5 (also occasionally 

appear in the free forcing simulation) do not closely match any of the marina seiche 

mode defined by the layout dimensions and therefore might have been formed due to 

the effect of geometries external to the marina.  However, after cessation of the 
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external force, frequencies of oscillations are determined by the marina geometry 

allowing seiches to develop. 

Open-ocean waves arriving at the entrance of a harbour, generally have a broad 

frequency spectrum. The response of the harbour to such incidence waves spans from 

resonantly generated seiches at eigen modes to non-resonantly forced oscillations at 

other frequencies. Following the cessation of the external force (source of waves), 

forced oscillations normally decay rapidly leaving seiches excited for a considerable 

time (Rabinovich, 2009). Therefore, the method of forcing the system with a white 

noise spectrum followed by free forcing condition adopted in this study is an efficient 

tool to determine seiche periods (eigen modes) in a harbour.  

Simulation with a white noise spectrum is a synthetic sea condition and the results 

given however may not be apparent in an actual sea state (Gierlevsen et al., 2001). 

Under the actual sea condition (representative storm event), the energy peaks have 

been occurred at different frequencies (Fig.6-11) from that at white noise simulation 

(Fig.6-4) as described in Section 5.4.6. In NH2, forced oscillations have been occurred 

at 345 s and 192 s while in NH4, only 3-dimensional oscillations have been resonantly 

formed at 114, 73 and 35 s with a forced oscillation at 154 s. 

 

6.5.2 Significant wave height and energy variation in marina layouts 

 Short wave heights 

The short (wind/swell) wave heights (Hs,sw) were below 0.15 m in all the other layouts, 

except in NH2 where Hs,sw was ~0.3 m (Fig. 6-6a).  The layouts NH3 to NH6 were 

considerably protected against short wave intrusion by the extended main breakwater 

(west breakwater) beyond the entrance. The entrance in NH2 was not well protected 

by the west breakwater. It was therefore vulnerable to short waves being diffracted at 

the tip of the west breakwater and the edge of the north breakwater, even though the 

entrance width was the same in all layouts. The Hs,sw at points inside the marina were 

similar to each other within the layout.  This indicated that the short wave heights did 

not vary considerably within the layout; however they were significantly influenced by 
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the degree of protection for short waves at the entrance. Layouts NH3 to NH6 (Table 

6-1) were more efficient than NH2, in terms of providing protection to short waves, 

maintaining short wave heights below 0.15 m, which is the recommended significant 

wave height in marinas for safe berthing operations (Thoresen, 2003).  

 Infragravity wave heights and energy 

The significant wave heights in the infragravity band (Hs,IG) varied from point to point 

within the layout indicating energy variation in the infragravity band (Fig. 6-6b). In NH2 

and NH3, the wave heights at P9 (in the middle area of the marina) were smaller than 

the wave heights at P8 and P10 located at the reflecting boundary where anti-nodes 

are generally formed. This variation in wave heights was again reproduced in NH2 (Fig. 

6-7a) in terms of energy distribution. The modal structure in NH2 was not well 

established (Fig. 6-7a)  however, two anti-nodes can be identified at P8 and P10, with 

relatively low energy over the marina indicating a broad node, which matches the 

energy peak occurred at 385 s in Fig. 6-4b.  This modal structure indicates an energy 

variation along the longitudinal axis in the fundamental mode. In harbour 

hydrodynamics, Sorensen and Thompson (2008) defined the oscillations occurred 

along one horizontal axis as 2-dimensional oscillations, where the oscillations are 

independent of one horizontal dimension.  

Unlike the energy distribution in NH2, a well-defined modal structure can be identified 

in NH4 along both its longitudinal and latitudinal axes (Fig. 6-7b). These oscillations, 

which vary in both horizontal dimensions, are defined as 3-dimensional oscillations 

(Sorensen  and Thompson, 2008). Only 2-dimensional oscillations have been occurred 

in NH2 and NH3 due to the elongated shape in the layouts (in other words with low 

aspect ratio). With increased aspect ratio, layouts NH4 to NH6 experience 3-

dimensional oscillations. 

6.5.3 Effect of aspect ratio to wave heights in infragravity period oscillations 

The results showed that the Hs,sw did not significantly vary with the aspect ratio, while 

the Hs,IG showed a significant inverse relationship to the aspect ratio (Figs. 6-6 b, 6-6c). 

It indicates that long and narrow shaped layouts are more vulnerable to infragravity 

period oscillations than short and wide shaped layouts. However, the relationship 
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between aspect ratio and infragravity wave heights is not linear. The wave heights 

decreased with a high gradient with the aspect ratios < 0.42, and decreased with the 

aspect ratios  >  0.42 with low gradient.  Therefore, further increase in aspect ratio 

beyond 0.42 did not significantly contribute for further reduction in wave heights.  

Marinas of aspect ratio greater than 0.42 may experience 3-dimensional oscillations as 

discussed in Section 6.5.2.  

There are two major differences that can be observed between NH2 and NH4; 

1. The overall energy in NH4 is ~ 5 times lower than that in NH2 (Fig. 5-8b), due to 

the higher aspect ratio of NH4  

2. Under storm condition, two forced oscillations with long periods (345 s and 192 

s) have been occurred in NH2 (Fig.5-11a) while in NH4, all 3-dimensional 

oscillations have been formed with lower energy because of its higher aspect 

ratio.  

The results have shown that these 3-dimensional oscillations in NH4 have been formed 

through resonance. However, it is very unlikely to generate high wave heights in the 

infragravity band due to the lower energy level prevails in the marina. This can also be 

described in terms of the Q factor. High Q factors can be expected in long and narrow 

basins (Rabinovich, 2009), which have small aspect ratios. This indicates that higher 

the aspect ratio, Q factor is smaller hence, high energy damping can be expected 

without letting high waves and currents to be formed in the basin. 

6.5.4 Effect of aperture ratio 

The results showed that the significant wave heights in the infragravity band decreased 

with the decreasing aperture ratio (Fig. 6-10a) for a given entrance width.  In the 

‘harbour paradox’ concept, Miles (1974) described that narrowing the harbour mouth 

would increase the Q factor consequently causing strong amplification of the resonant 

seiche oscillations inside the harbour. In this study,   within the layout, wave height of 

the infragravity band increases with decreasing aperture ratio; ie, decreasing entrance 

width (Fig.6-9b), going parallel with the ‘harbour paradox’ concept.  
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However, subsequent studies have indicated that when the internal damping is higher 

than the energy radiation through the entrance, further narrowing of the entrance 

does not result to increase seiche amplitudes. (Rabinovich, 2009). In this study, for a 

given entrance width, wave height of the infragravity band decreases with decreasing 

aperture ratio (Fig.6-10a). Here, the aperture ratio was decreased from NH2 to NH6 by 

increasing the harbour width. In other words, from NH2 to NH6, the Q-factor, which is 

inversely proportional to the aspect ratio, has been decreased. The internal energy 

damping could be expected in basins with low Q-factor, therefore, wave height of the 

infragravity band has been decreased with decreasing aperture ratio (Fig.6-10a).  

 

6.5.5 Guidelines for marina design 

Analysis of infragravity period oscillations in harbours is important in harbour 

designing.  As identified in literature, in many harbours, infragravity wave disturbance 

were analysed by arbitrarily altering the harbour geometry. This study provides 

guidance for deciding preliminary marina dimensions, and based on the preliminary 

dimensions, to select a suitable marina layout dimensions in order to minimise 

infragravity period oscillations in the marina.  The method is summarised; 

 Determining the background infragravity wave period range in the proposed or 

existing marina site.  

 Based on the upper and lower infragravity wave periods, the upper and lower 

limits of the lengths can be calculated for a proposed marina depth, using the 

Merian’s formula.  These are the initial length and width of the marina. The 

initial width to length ratio is the minimum aspect ratio for the marina.   

 Length and width determined by any value greater than the minimum aspect 

ratio would minimise the infragravity energy within the marina than that within 

the initial marina layout. 

 For a given entrance width and marina depth, infragravity energy decreases 

with increasing aspect ratio and decreasing aperture ratio. Short wave energy 

do not significantly vary with the aspect ratio. When the aspect ratio reaches a 

critical value, further increase in the aspect ratio and further decrease in the 
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aperture ratio do not significantly contribute for further reduction in the 

infragravity energy.  

 Marina dimensions, determined by aspect ratios greater than the critical aspect 

ratio, may experience 3-dimentional oscillations, and efficiently minimise 

infragravity energy within the marina.  

 

6.6. Conclusions 

A Boussinesq wave model was used to analyse infragravity wave response in idealised 

marina layouts in order to select a layout providing optimum protection to both 

infragravity and short wave disturbance. Five marina layouts were simulated for three 

different entrance widths.  

The study revealed that the aspect ratio, derived by the dimensions based on the 

infragravity period range in a coastal site, could be used as a starting point of deciding 

preliminary dimensions for a new marina.  Marina dimensions, calculated based on 

ratios greater than the minimum aspect ratio, prevent infragravity wave amplification 

within the marina.  

The results showed that the significant wave heights in the short wave band do not 

significantly vary with the aspect ratio, whilst the wave heights in the infragravity band 

decreases as the aspect ratio increases, under a constant marina depth and a given 

entrance width.  Furthermore, the wave heights in the infragravity band decreases 

with the decreasing aperture ratio, under the constant marina depth and entrance 

width. When the aspect ratio reaches to a certain value, further increase in the aspect 

ratio and further decrease in the aperture ratio do not significantly contribute for 

further reduction in wave heights in the infragravity band.  Marina layout with 

dimensions corresponding to that aspect ratio (or greater than that ratio) would 

provide the optimum protection for both short and infragravity wave disturbance.   

The study further emphasized using free wave simulation in order to identify natural 

periods of a marina under free oscillation condition. 
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7. Discussion and conclusions 

This study investigated infragravity period oscillation problem in marinas based on 

water levels measurements in Two Rocks marina in Western Australia, and numerical 

simulations using a Boussinesq wave model. Two Rocks marina represented marinas in 

following conditions; 

 length scale <1 km and average depth 3-10 m 

 complex offshore topography (eg: offshore submerged reefs) 

 located in a swell dominated wave climate with frequent winter storms. 

The main objective of the study was to identify mechanisms of infragravity period 

oscillations or seiches inside the marina and to develop a methodology to design 

marina layouts to minimise seiching activity.  These objectives were achieved through 

the following aims:   

1. Identifying the dominant periods of seiches within the marina through field 

measurements and the marina response to different incident offshore wave 

conditions.   

2. Application of a numerical model, validated using field measurements, to 

identify sources of infragravity wave generation in the offshore under different 

incident wave conditions, and investigate the influence of marina geometry on 

oscillation patterns.  

3. Assessment of idealised different harbour layouts and development of key 

parameters to minimise seiching.  
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The main objective of the study has been attained by achieving the three aims. This 

Chapter summarises the new findings of the study and presents the overall 

conclusions.  

7.1. Seiches and their forcing within the marina  

The study was designed to identify dominant seiche oscillations in the marina, and the 

marina response to different incident offshore wave conditions.  This was achieved 

through the collection and analysis of field data collected within the Marina.   

The oscillations within the marina consisted of a range of periods including diurnal and 

semi-diurnal tidal cycles (of order of hours), primary reef oscillation (~ 13 minutes), 

and four marina oscillations (ranging 60-300 s). All four oscillations within the marina 

were in the infragravity band and it was found that they were generated through 

excitation of the natural oscillation periods of the marina. 

Bound infragravity waves, generated through swell wave grouping, continuously 

forced oscillations in the marina. The frequency spectrum of the bound infragravity 

waves outside the marina consisted of near-constant energy level (no main frequency 

peaks), and was capable of exciting the NOPs of the marina.  This was due to the 

offshore topography (see section 6.2 below).  Rabinovich (2009) suggested that, open-

ocean waves incident at the entrance of a harbour, normally consist of a broad 

frequency spectrum that spans the response of the harbour from resonantly generated 

eigen free modes to non-resonantly forced oscillations at other frequencies.  In 

contrast to this suggestion, results of this study describe a situation of non-resonantly 

excited oscillations at eigen free modes, forced by infragravity waves with a broad 

frequency spectrum. The same situation was also been reproduced in the numerical 

model simulations. 

In addition to the above findings, following conclusions were drawn; 

 The oscillations were continuously present in the marina independent of the 

offshore conditions. Wave heights of the oscillations were strongly correlated 

with offshore incident swell wave heights.  The spectral energy of the 

oscillations was increased during storm events by a factor ~50 times to that 
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during calm sea conditions.  Excessive seiche wave heights in the marina during 

storm events caused undesirable conditions within the marina.   

 Swell waves around the marina have groupiness factors in the range of 0.6–

0.85. Bound infragravity waves associated with swell wave groups were 

identified as a potential forcing mechanism of infragravity-period oscillations 

within the marina.  

7.2. Influence of offshore topography  

A Boussinesq wave model was used to reproduce the field data and to identify sources 

of infragravity wave generation around the marina under different incident wave 

conditions.  The influence of the offshore reef system and the marina geometry on 

oscillations was also investigated. 

Independent of the external forcing (forcing under the conditions of storm, calm, 

group wave and natural sea), the offshore submerged reef environment significantly 

contributed to generating free infragravity waves through energy transformation from 

short waves to infragravity waves, during the wave propagation. The results of this 

study summarises that, infragravity waves can be generated independent of the 

offshore wave conditions, in a coastal region fronted by offshore uneven bottom 

topography such as offshore submerged reefs. A marina or a harbour located in such 

an environment is at risk of infragravity period oscillations, depending on the geometry 

of the marina (or the harbour). 

Following conclusions were drawn from this section of the study; 

 The offshore reefs increased the infragravity wave energy by factor of ~10 

when compared to the offshore infragravity wave energy. The infragravity 

energy elevated towards nearshore even with high infragravity energy 

dissipation over the lee side of the reef slopes.  

 The marina has complex oscillation system caused by the marina’s geometry. 

The predicted energy distribution maps and water level snapshots inside the 

marina identified the modal structure for NOPs (at 61s, 98s, 124s 227s) of the 

marina.  
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7.3. Minimisation of oscillation impacts   

The study proposed to consider the infragravity wave periods prevailed  in a particular 

coastal region, and to consider the relationship between that infragravity wave periods 

to the NOPs of the proposed or modified harbour. The aspect ratio, determined by the 

background infragravity wave periods, can be used to estimate preliminary dimensions 

(length and width) of a harbour, in order to avoid coincidence of harbour NOPs with 

infragravity periods prevail outside the harbour.  

Free wave simulation was an efficient tool used in this study in order to identify 

natural periods of a harbour under free oscillation condition such as seiching.  

Following conclusions were drawn from this section of the study; 

 The infragravity wave energy outside the marina spread over 90-325 s. The 

minimum aspect ratio defined by this period range is 0.27.   

 Under constant harbour depth and entrance width, significant wave heights in 

the short wave band do not significantly vary with the aspect ratio, and that of 

the infragravity band decreased as the aspect ratio increased. The wave heights 

in the infragravity band increases with the aperture ratio, under the same 

harbour depth. 

 Furthermore, when the aspect ratio reaches to a certain value, further increase 

in the aspect ratio and further decrease in the aperture ratio do not 

significantly contribute for further reduction in wave heights in the infragravity 

band.  Harbour layout with dimensions corresponding to that aspect ratio (or 

greater than that ratio) would provide the optimum protection for both short 

and infragravity wave disturbance.   

 Layouts with higher aspect ratios are preferable in terms of providing optimum 

protection to infragravity and short wave disturbance. However, this depends 

on various factors such as space, cost, berthing operations, future expansions, 

etc. According to the results, layouts with aspect ratio 0.42 or above and with 

an average depth of 4 m are preferable for wave condition in Two Rocks coastal 

region.   
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7.4. Future work 

There are few avenues of research that can be undertake as future extensions of this 

study. 

 The results revealed that two types of infragravity waves, bound and free, 

present in the marina vicinity causing continuous excitation of the marina’s 

natural oscillation periods. This is mainly due to the environmental set-up in 

the region with offshore reef systems and swell dominated wave climate. The 

results further showed that the infragravity wave energy gained over the crest 

of the reef systems significantly dissipated over the lee side of the reefs, leaving 

relatively low level of infragravity energy in the marina area. Therefore, it 

would be interesting to investigate the energy balance across the reef to find 

out the reason for that energy sink.  

 Further quantifying the contribution of the free and bound infragravity waves 

in marina’s oscillations under the above environment would also be interested. 

Similar study was carried by  Ruessink (1998), in nearshore region. However, 

that study was done in an environment with gently sloping offshore multiple-

bar system. New knowledge would be important in future harbour designing in 

this region, to set precautions to minimise oscillation problem. 
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