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Abstract 

Sea level variability occurs at different time scales (hours to decades), and its understanding is 

critical for a range of activities including navigation, coastal stability and coastal planning. In 

contrast, societal concerns on sea level variability originate from potential impacts that include 

coastal flooding, shoreline recession, damage to coastal infrastructure and natural resources. 

This is particularly true along the coasts of Vietnam and the Australian North West Shelf 

(NWS) that are susceptible to impacts from tropical cyclones (TC) and mean sea level change. 

This thesis examines two themes: (1) seasonal and inter-annual sea level along Vietnam coast; 

and, (2) storm surge dynamics along the NWS.  

Along the Vietnam coast, the seasonal sea level variability in open coast is dominated by the 

monsoon system whist in Tonkin Bay, in the north, it is influenced by the Red River discharge. 

The inter-annual sea level on the open coast is driven by ENSO (El Niño Southern Oscillation). 

The northern section of the Vietnam coast is dominated by the 18.6-year nodal tide, whilst in 

the south, inundation in the Vietnam Mekong Delta is controlled by the interaction between 

ENSO and the 4.4-year lunar perigee cycle.   

Along Australian NWS, the translation speed of a TC is a critical factor that determines 

generating mechanism and features of storm surge components. Observations and numerical 

simulations using the Regional Ocean Modelling System (ROMS) showed that the forerunner 

and continental shelf waves (CSW) were likely to be generated by a slow-moving TC (<6 ms-1), 

whereas edge waves were attributed to fast translation TC’s (> 8 ms-1). Magnitude of the 

forerunner and edge waves were sensitive to TC translation speed, but that of CSW was not 

sensitive to the translation speed of the TC. 

Observational data obtained during the passage of Tropical Low (TL) 14U in 2017 together 

with ROMS were used to investigate the generation of CSW and its interaction with topographic 

features that include the Barrow and Montebello Islands. The TL 14U’s forward speed was 

close to the phase speed of the CSW, resulting in an amplified CSW due to resonance. When 

the 14U and the CSW interacted with Barrow Island, the sea level increased by up to 40cm due 

to the blocking effect of the shallow water, resulting in strong currents (~1.2 ms-1) that diverted 

around Montebello Islands.  
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 Introduction 

1.1 General introduction 

Sea level variability is important for a range of activities including navigation, coastal 

erosion and coastal planning. The significance of coastal sea level change for coastal 

management has been recognised, for both gradual change over time and also rapid changes 

over a shorter period. In order to interpret historic patterns of coastal management and predict 

possible future needs, it is necessary to document both short and long-term trends and 

variability in sea level.  Coastal regions experience rise and fall of sea level that vary at 

timescales of hours, days, weeks, months, annually, governed by the astronomical tides, 

meteorological forcing, local bathymetry and a number of other factors. Globally, the 

astronomical forces of the Sun and the Moon are the dominant forcing which results in the tidal 

variability with periods of 12 and 24 hours. In many regions, the effects of these tides dominate 

the water level variability; however, in regions where the tidal effects are small other processes 

become important in determining the local water level. These processes include seiches, meteo-

tsunamis, storm surges, continental shelf waves, seasonal and inter-annual variability 

(Pattiaratchi, 2011).  

Sub-tidal sea level variability (i.e. time scales higher than the tidal periods) includes 

storm surges, continental shelf waves occurring in the weather band of 3-10 day period, and 

mean sea level changes taking place on timescales of months to decades (LeBlond and Mysak, 

1978; Pugh and Woodworth, 2014). Storm surges result from local meteorological forcing 

(changes in barometric pressure and wind stress) whilst continental shelf waves are generated 

by cross-shelf transport of water due to shore parallel winds often associated with passage of 

frontal systems and/or tropical cyclones.  Seasonal and inter-annual sea level variability is 

mainly due to changes in volume transport of oceanic current systems, changes in wind fields, 
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alterations in seasonal water temperature, river discharges and to the El Niño Southern 

Oscillation (ENSO) (Philander, 1990).  Decadal and longer period changes in mean sea level 

result from the lunar 18.6 nodal cycle and due to mean sea level rise attributed to global 

warming (Pugh, 1987). 

The overall aim of this thesis is to understand sea level variability over different time 

scales and in two contrasting regions: Vietnam coast and Australian North West Shelf (Figure 

2.1). Both regions are susceptible to impacts from tropical storms but they differ greatly in tidal 

characteristics. The north Vietnam coast has a great variation in tidal range (1-4 m) and subject 

to diurnal tides whilst north-west Australia is subject to very high tides > 5 m and semi-diurnal 

tides.   

Although some understanding on seasonal sea level variability along the Vietnam coast 

is available, information of the inter-annual variability is generally unknown. The seasonal 

cycle in the open Vietnam coast is mainly controlled by the monsoon system (Amiruddin et al., 

2015; Wyrtki, 1961). Previous studies found that the inter-annual sea level variation in the 

central East Sea where the water depth is around 3 km correlates closely to ENSO (Rong et al., 

2007). However, the response of inter-annual sea level along Vietnam coast to ENSO has not 

been documented in detail. The inter-annual sea level due to 18.6 nodal cycle along Vietnam 

coast has received little attention among scientists. Whilst the 18.6 nodal modulation has a large 

effect on inter-annual sea level variation in the Tonkin bay - North of Vietnam (Haigh et al., 

2011), the effect of 4.4 lunar perigee modulation on inter-annual sea level along Vietnam coast 

has not been investigated intensively in the literature.  
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Figure 1.1. (a) Regional map with study sites, (b) Vietnam coast – identified by blue box in (a), (c) Australian 
North West Shelf- shown by red box in (a). Black dashed lines show the 200m contour.  
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Located northeast of Indian Ocean, Australian North West Shelf (NWS) experiences 

frequent transverse tropical cyclones (TC) in summer. Conventionally much attention has been 

paid to primary surge resulting from onshore wind and central pressure drop occurring during 

the landfall, whereas little is known about dynamics of storm surge, occurring before the 

landfall (referred to forerunner) and after the landfall (referred to coastally trapped waves-

CTWs including edge waves and continental shelf waves). Previous studies focused solely on 

an individual component. Specifically, the forerunner may contribute a significant proportion 

to surge (Hopley and Harvey, 1976). The continental shelf waves, which controlled surge 

current in generating region -NWS (Tang et al., 1997; Webster, 1985), modulated low-

frequency sea level in propagating area -Southwest Australia (Eliot and Pattiaratchi, 2010). 

However, to date there has been no systematic investigation of the effects of TCs on these 

processes.  

Australian NWS is a significant economic region of Australia, as a source of 

commodities such as oil, natural gas and mineral products, whose export is frequently disrupted 

by TCs. Therefore, information on TC driven currents as well as surge is vital for engineering 

design purposes related to submarine/coastal structures. It has been well known that severe TCs 

created strong currents and large surge which were in the form of continental shelf waves 

(CSWs) in the region (Eliot and Pattiaratchi, 2010; Fandry et al., 1984; Fandry and Steedman, 

1989; Hearn and Holloway, 1990; Hetzel et al., 2017; Tang et al., 1997; Webster, 1985). 

However, very little information is available for the formation of CSW driven by low pressure 

disturbances associated with tropical storms. In addition, an interaction between the CSW 

induced by tropical lows and topographic irregularities around the Barrow Island on NWS has 

not been reported in the literature.  
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1.2 Objectives 

To understand sea level variability at different timescales along Vietnam coast and 

Australian NWS, three main questions are raised in this thesis.  

1. What are the major factors that modulate seasonal and inter-annual sea level 

variability along the Vietnam coast? 

2. What are the characteristics of the forerunner and coastally trapped waves along the 

Australian NWS generated by tropical cyclones? 

3. What is the role of topography on the generation and propagation of continental shelf 

waves driven by tropical storms along the Australian NWS?      

1.3 Thesis structure 

Following the Introduction (Chapter 1), Chapter 2 provides a literature review including 

an overview of the different sea level processes, study regions and numerical model used in the 

study, the Regional Ocean Modelling Systems (ROMS).  

In Chapter 3, data from tide gauges, coastal altimeter (AVISO) and predicted tides 

(TPXO 7.2) along Vietnam coast are analysed to examine the role of : (1) impacts of monsoon 

and river discharge on seasonal sea levels; (2) linkage between ENSO (El Niño Southern 

Oscillation) and inter-annual sea levels; and, (3) the 18.6-year nodal cycle and the quasi 4.4-

year lunar perigee on high tidal levels.  

Chapter 4 concentrates on the generation of storm surge components (forerunner, edge 

waves and CSWs) that are generated by a perpendicular track on Australian NWS. This aim is 

achieved through analysis of historical sea level data during severe TCs Olivia 1996 and Monty 
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2004 in combination with numerical simulations where the translation speed of an artificial TC 

was changed. 

Chapter 5 examines the amplification of CSW induced by tropical storms as well as its 

interaction with topographic irregularities around the Barrow Island. To achieve this aim, I first 

analysed observational data (sea level, current, wind, air pressure) during the two TLs 14U 

January and 15U February 2017, then performed numerical simulations using ROMS.  

Finally, Chapter 6 presents a synthesis of the main findings and conclusions in each of 

the thesis chapters, and presents a discussion for future work.  

It should be noted that Chapters 3 to 5 have been prepared for submission to peer-

reviewed journals, therefore there is some degree of repetition in the Introduction (e.g. study 

region) and Methodology sections.  
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 Literature review 

The observed sea level, at any given time and location, can be considered as the sum of 

a mean sea level, an astronomical tidal component and a residual (Pugh, 1987): 

Here, Z is the observed sea level, Z0 is the mean sea level with periods of change higher 

than (say) 1 month; Zp is the tidal component which periodic and related to astronomic forcing; 

and,  Zr is the residual or non-tidal components.  The mean sea level is the average height of 

sea level during a fixed period of time, normally over a period of one month or longer. The tidal 

component can be expressed as the sum of a number of harmonic constituents. The residual is 

the part of the sea level remaining as the mean sea level and the tidal component have been 

removed. The residual nominally has periods less than 1 month and includes seiches and 

continental shelf waves.  

This chapter initially starts with an introduction with tides, then storm surge and mean 

sea level, respectively. We continue to introduce the Vietnam coast and Australian NWS which 

are the study regions of the thesis. Finally, the Regional Ocean Modelling System (ROMS) 

utilized in the Chapters 4 and 5 of this thesis will be shown.  

2.1 Tides 

Tides are harmonic variations of sea level generated through gravitational attraction 

principally from the Earth-Moon-Sun system. In majority of global coastlines there are two 

high and low waters per day, termed semi-diurnal tides with a period of around 12 h. In a few 

locations, for example Gulf of Tonkin, there is only one high and low water per day known as 

diurnal tides with a period of ~24 h. When the Earth, the Moon and the Sun are aligned, tidal 

range increases because the gravitational forces of the Moon and the Sun both contribute to the 

 𝑍(𝑡) = 𝑍 (𝑡) + 𝑍 (𝑡) + 𝑍 (𝑡)  (2.1) 
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tides. These periods are referred as spring tides that occur immediately after the full moon and 

the new moon. Neap tides are periods of low tidal range that occur as the Moon and the Sun are 

perpendicular to one another (with respect to the Earth). Neap tides appear during the 1st and 

3rd quarter of the moons.  

Gravitational attraction from the Moon and Sun is predictable and geometric, which 

allows derivation of Equilibrium Tides (Cartwright and Tayler, 1971). The Equilibrium Tide is 

defined as the elevation of the sea surface that would be in equilibrium with the tidal forces if 

the Earth were covered with water to such a depth that the response is instantaneous (Pugh, 

1987). Several specific periods could be identified from the Equilibrium Tide. They include, 

for instance, ~12 h and ~24 h for the main semi-diurnal and diurnal periods; the spring-neap 

cycles (~ two weeks); the lunar month (29.5 days); and the semi-annual/annual cycles due to 

the variations in the earth’s orbit around the Sun. In the long term, variations in the orbits of the 

Moon and the Sun create 4.4-year and 18.6-year tidal modulations that are discussed in 

Subsection 2.3.  

The amplitudes of the Equilibrium Tides are generally smaller than the observed ocean 

tides, leading to an introduction to the theory of tidal dynamics (Pugh and Woodworth, 2014). 

This theory considers the geometric ocean basins (width, length, and depth), Coriolis force, 

frictional force, resonance and many other variables which govern tidal characteristics. Tides 

are thought to be a series of amphidromic systems including of rotating (Kelvin) waves that 

rotate around a nodal point, defined as an amphidromic point. The amphidromic systems rotate 

anticlockwise in the northern hemisphere and clockwise in the southern hemisphere due to the 

earth’s rotation. Approaching to an amphidromic point, the tidal range is zero, and increases 

away from the point.  
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2.2 Storm surge  

For nations located along tropical and sub-tropical regions, a common natural hazard 

results from storm systems referred to tropical cyclones, hurricanes, and typhoons, depending 

on the study region. Strong winds and rainfall, which are accompanied by these storm systems, 

lead to severe damage to property and lives in coastal and inland regions. High water levels and 

surface gravity waves during hurricanes result in additional damage to shorelines through 

flooding and erosion. Under climate change it is expected that the severity and frequency of 

storm systems will increase (Knutson et al., 2010). Recent notable storms include: Typhoon 

Haiyan in Philippines; Typhoon Doksuri in Vietnam; Tropical Cyclones Kyarr and Gonu in the 

Arabian Sea; Hurricanes Sandy, Katrina, and Harvey in the US; and Hurricane Irma in the 

Caribbean (Trinh et al., 2020). It is a fact that there has been a growing concerns about storm 

surges and extreme weather events due to global warming and climate change (Lin et al., 2012).  

The dynamics of storm surge are described by the depth-averaged (2-D), non-linear 

shallow water equations shown in Equations 2.2 and 2.3 :           

On the left hand side of Equations 2.2 and 2.3, the first term is the local acceleration; the second 

and third terms are advection; the fourth term is the Coriolis force. On the right-hand side of 

Equations 2.2 and 2.3, the first, second and third terms correspond to surface gradient, 

atmospheric pressure gradient and surface/bottom stress; g is gravitational acceleration, 𝜌 is 

density sea water, 𝜁 is the free surface elevation, and H is water depth. 𝑢, 𝑣 are the velocities 

in the x (eastward, alongshore) and y (northward, cross-shore),  f is the Coriolis parameter, 𝜔 

is the rotation rate of the Earth, and 𝜑 is latitude.                        

 + 𝑢 + 𝑣 − 𝑓𝑣 = −𝑔 − + (𝜏 − 𝜏 )   (2.2) 

 

 + 𝑢 + 𝑣 + 𝑓𝑢 = −𝑔 − + (𝜏 − 𝜏 )   (2.3) 

 
 𝑓 = 2𝜔𝑠𝑖𝑛𝜑  (2.4) 
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Storm surge includes a variety of different physical processes depending on the location 

of a central storm to the coast (Figure 2.1). While the storm is still further offshore, a gradual 

increase in coastal sea level that may appear up to 3 days prior to a storm landfall is known as 

a forerunner. As the storm approaches the shoreline, the coastal sea level rises rapidly, known 

as a primary surge. Around the storm landfall, the sea level oscillating with high frequency 

(shown in the thin black line in Figure 2.1) is defined as a seiche. When the storm moves further 

inland and winds are relaxed, the coastal surge is released as long waves, including edge waves 

and continental shelf waves, which propagate outside the affected storm region and may occur 

up to ten days after the landfall. Each process will be described further in the following 

subsections.  

2.2.1 Forerunner surge 

A forerunner surge (FS) is defined as a gradual increase in residual water level up to 

several days prior to a storm landfall. Although a typical magnitude of a FS is less than 1m 

(Kennedy et al., 2011), there has been a growing concern about FS because of two main reasons. 

Firstly, a FS may appear 1-3 days before a storm crossing the shoreline, so it coincides with at 

 

Figure 2.1. Schematic of distinguished storm surge processes that are investigated in this thesis. 
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least one high tide resulting in a high risk of inundation. Secondly, a FS may propagate as a 

long wave that coincides with local surge induced by wind setup and barometric effect, leading 

to unexpected coastal flooding.  

The mechanics of FS formation is present in Figure 2.2. When the storm is far offshore 

(>500km), the alongshore wind component generates the cross-shore Ekman transport, which 

is blocked by the coast. This results in an approximate geostrophic balance between the Coriolis 

force generated by the alongshore current and cross-shore pressure gradient. Consequently, an 

increase in coastal sea level is known as Ekman set-up calculated as (Liu and Irish, 2019):  

where W is cross-shore width of the current. Therefore, the factors that control magnitude of 

forerunner are alongshore current U and cross-shore width of the current W.  

A forerunner often strikes coastal communities unexpectedly, stranding coastal 

residents and posing a threat to lives (Kennedy et al., 2011). To better perform evacuation plans, 

it is essential to understand the conditions in which the FS is generated. The generating 

mechanism of FS is dependent on topographic features and storm characteristics. It is likely 

that Coriolis force is a dominant forcing in creating a FS in a wide deep shelf. For example, 

 
𝜁 =

𝑓𝑈

𝑔
𝑑𝑦 (2.5) 

 

 

Figure 2.2. (a) Schematic of the mechanics of forerunner in the southern hemisphere; (b) a cross-shelf 

schematic of the Ekman setup, 𝜁 . 
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modelling studies of the cyclone Ike 2008 in the Gulf of Mexico given by Kennedy et al. (2011) 

and  Hope et al. (2013) showed that Ekman setup was the origin of Ike’s forerunner. 

Particularly, the Ike’s wind that blew shoreline parallel and persisted on the wide Gulf of 

Mexico prior to the landfall provided the strong alongshore current over the shelf, resulting in 

the largest FS in the literature (up to 1.4m). However, for a narrow shallow shelf, Coriolis force 

is not an influential factor contributing on FS generation. For instance, studying on the two 

typhoons Prapiroon 2012 and Bolaven 2000 in the Yellow Sea (the western coast of Korea), 

Suh and Lee (2018) found that tide-surge interaction and topographic effects such as the 

concavity of the shoreline were among main factors determining the amplitude of FSs generated 

by the two typhoons. They further figured out that a FS was likely to occur as a typhoon crossed 

the coast at an angle less than 200 and travelled at a low speed less than 20 kmh-1. 

2.2.2 Primary surge 

Storm surge is generally attributed to the strong onshore winds that accompany a storm 

near the time of landfall. This primary surge often peaks around the time of landfall, with the 

largest response found to the right/left side of the storm track in the northern/southern 

hemisphere (Figure 2.1).  

Primary surge depends on several factors including the central air pressure, storm 

intensity, storm size, forward speed and heading angle (Zhang and Li, 2019). Statistical 

methods in early studies found the relation between the features of a storm and storm surge. For 

instance, using the records of 30 hurricanes Conner et al. (1957) found that there was a statistical 

relation between the central air pressure and primary surge, contributing to about 50% of the 

variation of the storm surge. The effect of various storm characteristics on primary surge has 

been revealed by numerical models. Jelesnianski (1966) investigated how features of the storm 

affect the storm surge and concluded that the maximum surge occurred when the storm 
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approached perpendicularly or at an angle round 450 to the coast. Since the 1970s, it has been 

widely accepted that primary surge may be determined from either central air pressure or the 

related maximum wind speed. However, in a comparison between the two Hurricanes Camille 

1969 (classified at a category 5) and Katrina 2005 (classified at a category 3) that both occurred 

in the Gulf of Mexico, Irish et al. (2008) showed that the Katrina’s surge was larger than the 

Camille’s surge despite the former’s lower intensity. The study claimed that the storm size may 

play a vital role in determining the primary surge. To support this hypothesis, the authors further 

utilized the numerical simulations in which the storm size varied, and found that the primary 

surge increased as the storm size increased. Rego and Li (2009) investigated the effect of 

forward speed on storm surge during the Hurricane Rita 2005, and found that a faster moving 

storm may increase the primary surge but decrease the flood volume.  

2.2.3 Seiches 

When an atmospheric disturbance crosses embayments (bays, inlets, harbours) or open 

coasts, the local sea levels amplified around landfall are defined as seiches. Seiches are long-

period standing oscillations in an enclosed or semi-closed basin (Rabinovich, 2010). Several 

examples of seiches generated by atmospheric disturbances include seiches due to cold fronts 

over southern North Sea (Jong et al., 2003); amplified sea level due to air pressure jump in the 

east Adriatic waters (Ivica et al., 2004); amplification of storm surge in the Leyte Gulf due to 

Typhoon Haiyan (Mori et al., 2014); and strong storm seiches induced by the two Typhoons 

Lionrock 2016 and Jebi 2018 hitting the coast of Japan (Heidarzadeh and Rabinovich, 2020).  

A seiche oscillation is similar to a pendulum where the oscillation continues after the 

external force has stopped. Once formed, the seiche may persist for several cycles before 
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decaying due to friction or energy leakage. The period of the seiche is dependent on the basin’s 

geometry (length and depth).  For an open system, seiche periods are given by:  

where T is the seiche period, L is shelf width, h is the mean shelf water depth, g is the 

acceleration due to gravity, and n is the mode number, with n=0 being the fundamental mode.  

The surface profiles for the first four seiche modes in an open-ended basin of uniform depth are 

present in Figure 2.3.  

Seiches and primary surge occur at the same time around the landfall, so it is crucial to 

distinguish these two components (Figure 2.1). They are different to each other in terms of 

temporal and spatial scales as well as generation mechanism. Seiches often have short periods 

covering from several minutes (in small bays or harbors) to several hours (at open coast or shelf 

scale), so they are known as high-frequency oscillations. In contrast, primary surge occurs from 

several hours to 1-2 days, therefore they are termed as low-frequency oscillations. Seiches may 

occur at local bay or happen along the shelf. Meanwhile, the primary surge is generally found 

 

Figure 2.3. Schematic of surface elevation for the first four seiche modes in open-ended rectangular basins of 

uniform depth (Rabinovich, 2010).   
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at 20-50 km away the landfall on the right/left storm track in the northern/southern hemisphere 

where the onshore wind reaches the maximum. In many cases seiches are generated by direct 

air pressure forcing (Ivica et al., 2004; Rabinovich, 2020), while primary surge is attributed to 

a combination of low air pressure, onshore wind and shallow water depth. Although seiches 

and primary surge are different processes, they occur at the same time around the landfall, 

therefore the combined effects of seiches and primary surge would be damaging natural hazards 

(Heidarzadeh and Rabinovich, 2020).  

2.2.4 Edge waves 

After a storm landfall, coastal sea levels, which oscillate rapidly over several hours, are 

defined as edge waves (Munk et al., 1956). Edge waves are long gravity waves over a sloping 

beach that are trapped near the coast by refraction (LeBlond and Mysak, 1978). They are high-

frequency waves in which angular frequency of the waves is greater than local inertial 

frequency, so they also are known as super-inertial coastally trapped waves. The waves have 

crests perpendicular to the shore and amplitudes decreasing exponentially away from the 

shoreline (Figure 2.4). Edge waves are bi-directional, one component propagates in the 

direction of a Kelvin wave with the coast on the right/left in the northern/southern hemisphere 

(also known as the downstream component) while the counterpart is in opposite direction (the 

upstream component).  

The period of edge waves covers a broad range from one minute to several hours. 

Studies of the edge waves with short period (1-10 min) driven by wind waves or swells were 

received the attention of researchers because they play an important role in beach erosion, sand 
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bar formation and nearshore sediment distribution (Guza and Inman, 1975). Edge waves with 

slightly longer periods (10-100 min) dominate coastal response to the short-period atmospheric 

forcing such as pressure jumps, squalls and frontal passages (Monserrat et al., 2006; Pattiaratchi 

and Wijeratne, 2014). At the longer period band (3-7 hours), edge waves are thought to be a 

response of ocean to a storm approaching the coast (Pasquet et al., 2013; Yankovsky, 2008). 

Edge waves with 3-7 hour periods are not common in nature because their temporal scales do 

not match those of atmospheric systems. However, these waves should receive attention 

because they may coincide with an incoming tide leading to an unexpected flooding 

(Greenspan, 1956).  

An understanding about edge wave generation has been improved through different 

approaches. An analytical solution for a set of edge waves over a linear depth profile was 

obtained by Ursell (1952). The author stated that zero mode was a fundamental mode without 

nodal lines, known as the Stokes mode. In agreement with this conclusion, the observational 

edge waves induced by the two Hurricanes Carol 1954 and Hazel 1954 travelling alongshore 

on the  eastern coast of America showed zero mode (Munk et al., 1956). Subsequently, using 

an analytical study in which pressure disturbances moving parallel to a straight coastal line, 

Greenspan (1956) further showed that edge wave amplitude was related to hurricane features 

such as translation speed and spatial scale. The edge wave generation is not limited to a parallel 

 

Figure 2.4. (a) Schematic of the edge waves in the southern hemisphere; (b) 3 dimensional structure and 
propagation of the upstream edge wave.   
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hurricane track. In fact, the perpendicular fast-moving Hurricane Wilma 2005, which hit the 

Florida coast, generated an edge wave train whose height was over 1.5m (Yankovsky, 2008). 

The subsequent modelling study (Yankovsky, 2009) also confirmed results of previous work 

and revealed further that varying translation speed of a hurricane would generate different types 

of long waves including edge waves and continental shelf waves.  

2.2.5 Continental shelf waves 

Shelf dynamics under a few weeks can be resulted from the generation and propagation 

of sub-inertial coastal trapped waves (CTWs). CTWs are unidirectional long waves travelling 

alongshore to the coast on the right/left in the northern/southern hemisphere. Their largest 

amplitude at the shoreline decreases exponentially offshore (Figure 2.5). When shelf 

environments are unstratified, the vertical velocity is constant with depth (Brink, 1991). In this 

barotropic limit, the CTWs are referred to continental shelf waves (hereafter, CSWs). As oceans 

become more stratified, the strength of stratifications increases. In this baroclinic limit, CTWs 

represent pure internal Kelvin waves (Gill, 1983). In this thesis, we mainly investigated 

response of the shelf to tropical cyclones, limited near the coast. Under strong forcing, the 

stratification was so weak that CSW existence was dominant in analysis. We therefore limit the 

scope of study to CSWs.  The CSWs were first reported by Hamon (1962) who uncovered that 

there was a northward propagation from Sydney to Coff’s Habour off the eastern Australian 

coast. Initially, CSW generation was thought to be attributed to atmospheric pressure variations 

(Robinson, 1964). However, sooner it was widely accepted that alongshore wind component 

was the dominant generating mechanism (Adams and Buchwald, 1969; Gill and Schumann, 

1974). On the propagation, properties of CSWs such as wave amplitude and phase speed are 

dependent on alongshore topographic variations, Coriolis parameter and shoreline curvature 

(Allen, 1976; Grimshaw, 1977). To present date, CSWs are globally recognized as important 
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contribution to the low-frequency motions along the shelf oceans (Brink, 1991; LeBlond and 

Mysak, 1978; Mysak, 1980).  

Let us assume that the fluid is homogeneous, advection and friction are neglected, and 

winds weaken, so Equations 2.2 and 2.3 become:  

On rotating earth, a fluid parcel has both planetary vorticity (equal to the Coriolis parameter 𝑓) 

and a relative vorticity 𝜉  (Huyer, 1990). The planetary vorticity is positive/negative in the 

northern/southern hemisphere. The movement of the fluid follows the conservation of vorticity 

shown as:   

where H is height of the water column. The quantity (𝜉+ 𝑓)/H, known as potential vorticity, has 

a constant value.  

 

Figure 2.5. Schematic of the CSW in the northern hemisphere by Pearce (2011), recreated from Cutchin and 
Smith (1973). The propagation of the CSW is present by a white arrow. The current under the crest of the CSW 
is shown by the black arrows.  

 ( ) = 0,  (2.9) 

 + 𝑓𝑢 = −𝑔   (2.8) 

 

 − 𝑓𝑣 = −𝑔   (2.7) 
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The mechanism of CSWs generated by wind is explained as follows (Gill and 

Schumann, 1974). As a storm approaches the shoreline, the alongshore wind component results 

in an onshore (offshore) water movement in an upper Ekman layer. If there were no boundary, 

the effect of wind only would produce an Ekman transport in a thin layer near surface, so the 

deep layer would not be affected. The real boundary allows the surface flow to be blocked, 

resulting in a flux of water in the deep layers to conserve mass. This in turn changes the vorticity 

and generates a CSW. If the storm continues to move further inland and winds relax, the CSW 

propagates downstream (the same direction of Kelvin waves), and is termed a free CSW. If 

storm propagates along the coast with a translation speed similar to a phase speed of the CSW, 

its height is amplified, and known as a forced CSW (Schumann and Brink, 1990).  

2.3 Mean sea level variations 

The previous section mainly discusses the sea level variability that occurs from several 

hours to two weeks, while this section briefly reviews the changes in mean sea level taking 

place on timescales of months to decades. These include seasonal cycle, inter-annual variations 

due to ENSO and long-term tides. An understanding of mean sea level variability helps us to 

predict precisely extreme sea level events, which result in coastal inundation. 

2.3.1 Seasonal cycle 

Generally, the monthly averaged sea level reaches the minimum during the spring while 

being the maximum in the fall, which defines as a seasonal cycle (SC) (Komar and Enfield, 

1987). Understanding the spatial and temporal variability of the SC is crucial because its large 

amplitude may affect the frequency and magnitude of coastal inundation (Menendez et al., 

2009).  
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A global summary of the SC was investigated by Pattullo et al. (1955) using sparsely 

distributed tide gauge records. The authors found that seasonal variations range from only a 

few cm in the tropics to on the order of 20 cm or more at higher latitudes. The largest variation 

occurs in the Bay of Bengal where the seasonal range could be up to 100 cm within a year. 

Because most tide gauges are located near the coast, understanding the SC in the past was 

limited to the coastal zones. The development of satellite altimetry in the 1990s allowed for a 

better understanding of the SC both in the coastal zones and in oceans (Vinogradov et al., 2008). 

It has been suggested that the annual component of the SC estimated on tide gauge records is 

generally larger the one calculated from satellites in the adjacent shallow oceans (Vinogradov 

and Ponte, 2010).  

The forcing factors for the SC are dependent on the region. For instance, in the North 

Sea and the Baltic Sea, Plag and Tsimplis (1999) found that atmospheric pressure had a great 

effect on the temporal variability of the SC, while in the Mediterranean Sea, Marcos and 

Tsimplis (2007) revealed that the SC was linked to changes in the surface heat fluxes. In the 

US Gulf of Mexico, changes in air surface temperature and atmospheric pressure are the major 

drivers for the SC (Wahl et al., 2014). Using both tide gauge and satellite altimetry, Amiruddin 

et al. (2015) concluded that the wind forcing is dominant on the shelf areas of the South China 

Sea (SCS), while in the deep basin of the SCS and the Philippines Sea,  the steric component is 

a major contribution for the SC. The steric height was modulated by temperature and salinity. 

2.3.2 Inter-annual variations due to ENSO 

The El Niño Southern Oscillation (ENSO) events result from the complex interactions 

between the ocean and the atmosphere in the tropical Pacific Ocean, and are associated with 

climatic and environmental anomalies around the globe (Philander, 1990). In normal years in 

the Pacific Ocean, the Walker circulation in the atmosphere produces easterly trade winds that 
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raises up the thermocline in the eastern Pacific (Figure 2.6a), therefore the Peruvian coast is a 

region of strong coastal upwelling (Wells, 2012). In this situation, the Southern Oscillation 

Index (SOI), the normalised difference in surface atmospheric pressure between Darwin and 

Tahiti, is positive. The strong positive SOI corresponds to a La Niña phase in which flooding 

occurs on the western side of the Pacific Ocean (Philipines, Indonesia and North of Australia), 

opposite to drought happening on the eastern side of the Pacific Ocean (Figure 2.6a). By 

contrast, in abnormal years as the warm equatorial waters from western Pacific Ocean are 

transported eastward and flow southward along the Peruvian coast to replace the cold, nutrient 

–enriched waters (Philander, 1990). This coincides with heavy rainfall in the central and eastern 

Pacific, and the trade winds are relaxed, known as El Niño phases (Figure 2.6b). During El 

Niño phases, there is high surface pressure over the western and low surface pressure over the 

south-eastern Pacific Ocean, and the SOI is negative. The ENSO events occur between two and 

seven years, with a mean frequency of about four years.  

 

Figure 2.6. Schematic of the tropical atmospheric circulation over the Pacific Ocean during (a) normal/ La 

Niña conditions, (b) El Niño conditions (Wells, 2012).  
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ENSO particularly drives strong anomalies in inter-annual sea level variability in the 

tropical Pacific. For instance, in the western tropical Pacific, mean sea level anomalies of ± 20-

30 cm resulted from ENSO events (Becker et al., 2012).  In another example, Australia's 

monthly mean water levels indicated higher water levels during the 2011-2013 La Niña 

(Wijeratne et al., 2018). Along the west coast of North America, winter sea levels were average 

0.11 m higher than normal during the 2015-2016 El Niño (Barnard et al., 2017).  

2.3.3 Inter-annual variations due to tides 

  Two main signals being 18.6-year nodal cycle and a quasi 4.4-year perigee cycle, 

which are related to the Moon’s orbit, cause systematic variation of high tides (Pugh, 1987).  

The 18.6-year cycle results from a change in the Moon’s declination, while the quasi 4.4-year 

lunar perigee is due to changes in distance between the Moon and the Earth.  

     The lunar nodal cycle is pictured in Figure 2.7 .  There are three fundamental planes: 

The ecliptic (The Earth orbits the Sun), the lunar orbit (The Moon orbits the Earth) and the 

earth’ equator. The equator is tilted to the ecliptic by 23027’, while the lunar orbit is inclined at 

509’ to the ecliptic. The point where the Moon crosses from the south to the north of the ecliptic 

is defined as the Moon’s ascending node. The mean longitude of the ascending node, presented 

by N, is measured relative to the vernal equinox, one of two points that the equator intersects 

the ecliptic.  Because of the gravitational attraction by the Sun, the lunar orbit precesses in a 

retrograde sense so that the rate of change of N is negative (for instance west ward). It takes 

18.6-years to be a full cycle. The longitude N can be calculated by the expression (Pugh, 1987):                                            

where T is number of Julian centuries since midnight on 1 Janurary 1900 at the Greenwich 

meridian.  

 𝑁(𝑇) = 259.16 − 1934.14 𝑇 + 0.0021 𝑇 ,  (2.10) 
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The 18.6-year lunar nodal cycle significantly affects the Moon’s declination, which is 

an angle below or above the equator. The declination maximizes  N=00 (23027’+509’=28036’), 

and minimizes N=1800 (23027’-509’=18018’). The lunar declination reached a maximum in 

March 1987 and June 2006, and will peak again in January 2025 and September 2043. By 

contrast, the lunar declination reached a minimum in March 1997, October 2015 and will reach 

a trough again in May 2034. Changes in the Moon’s declination affect lunar tidal forcing (Ray, 

2007). For instance, the maximum declination tends to enhance diurnal forces, while the 

minimum declination strengthens semi-diurnal forces.    

The quasi 4.4-year lunar perigee results from the Moon’s elliptical orbit around the 

earth, which is characterised by the closest and greatest distance known as perigee and apogee, 

respectively. The line connecting perigee and apogee, defined as the line of apsides, completes 

a full cycle in 8.8 years.  The influence of 8.8 year cycle of lunar perigee on high tides occurs 

as the quasi 4.4-year cycle. Around each 4.4 years, as the Sun lies coincidently in the line of 

 

Figure 2.7. Geometry describing the longitude of the moon’s ascending node and its effect on the lunar 

declination (Ray, 2007). 
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apsides, larger tidal ranges occur during these years, especially around the time of the equinox 

(Cartwright, 1974).  

Inter-annual sea level variability due to long-term tidal forcing has been investigated at 

global scale with several approaches. A study based on altimetry data suggests that in the Pacific 

and western Atlantic Oceans the observed nodal amplitudes for main tidal constituents are in 

general consistent with the theoretical equilibrium values (Cherniawsky et al., 2010). Haigh et 

al. (2011) utilized modelled tides from the TPXO7.2 to assess the influence of the 18.6 lunar 

nodal cycle and the quasi 4.4 lunar perigee on high tidal levels over the globe. Their results 

highlighted that the former has the greatest influence in diurnal regions with tidal range being 

greater than 4 m, while the latter is predominant in semi-diurnal regions where the tidal range 

is larger than 6 m. This is consistent with Peng et al. (2019) who used hourly tide gauge 

observations from 574 stations distributed worldwide to investigate the nodal contribution to 

monthly high water levels.  The authors further figured out that the greatest influence of nodal 

cyclone on high water level is at tide gauge sites located in the Gulf of Tonkin, English Channel 

and Bristol Channel, being up to 30 cm in range.  

2.4 Study regions 

2.4.1 Vietnam coast 

The coastline of Vietnam has an ‘S’ shape and is bounded by two shallow bays: Tonkin 

bay in the north and Gulf of Thailand in the south (Error! Reference source not found.). The 

Vietnam coast is also identified as the western boundary of the East Sea and has strong 

seasonally reversing ocean boundary current systems. The two deltas, the Red River delta in 

the north and the Mekong delta in south, have low topography (i.e. from 1 to 10 m above mean 

sea level) and occupy increasingly mega cities (i.e. population of Ho Chi Minh> 5 million). 
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These deltas are considered to be the most vulnerable coastal regions to sea level rise (Neumann 

et al., 2015).
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Figure 2.8. Map describing the Vietnam coast. Sites labelled as a, b, c, d, and e are Hon Dau, Thuan An, Quy 
Nhon, Vung Tau and Hon Tre respectively. Magenta line presents the 200 m contour.  

Table 2.1. Tidal characteristics along the Vietnam coast. Sites are present in Figure 2.8. The tidal constituents 

are derived from TPXO7.2 (Egbert and Erofeeva, 2002). The form factor is measured as F=(HK1+ HO1)/( 
HM2+ HS2). The tidal regime is classified as follows: 0<F<0.25, semi-diurnal; 0.25<F<1.5, mixed and mainly 
semi-diurnal; 1.5<F<3.0, mixed and mainly diurnal; and F>3.0, diurnal (Pugh and Woodworth, 2014). 

Coastal 
section 

Location 
Amplitude of tidal constituents (cm) 

Tidal 
regime  

Form 
Factor 

Tidal 
range 
(m) M2 S2 K1 O1 

Northern 
coast 

Hon Dau 7 4 57 65 Diurnal 11.1 3-4 

Central 
coast 

Thuan An 17 4 4 10 
Mixed, 
semi-
diurnal 

0.7 0.5 

Quy Nhon 17 7 33 28 
Mixed, 
diurnal 

2.5 1.2-2.0 

Southeast 

coast 
Vung Tau 75 27 65 48 

Mixed, 
semi-
diurnal 

1.1 3-4 

Southwest 

coast 
Hon Tre 3 3 14 11 Diurnal 4.2 0.5 
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The Vietnam coast can be separated into four sections based on the topography of the 

continental shelf: (1) Northern section between 170N and 220N including the Gulf of Tonkin,  

which is relatively shallow water with 200m contour located far away from the coastline; (2) 

Central section is from 110N to 170N with many mountains along the coast, and where the 

continental shelf is narrow and steep with the 200m depth contour located close to the shoreline; 

(3) Southeast section is a large tidal-flat with mild slopes and shallow depths, and which is the 

downstream area of the Mekong river with many estuaries to the East Sea; and (4) Southwest 

section is exposed to the Gulf of Thailand, which is characterised by a small tidal range (~0.5m).  

Along the Vietnam coast tides are characterized by a diversity in tidal features as well 

as a remarkably variable tidal range. Coming from deep Luzon strait, tidal waves travel into 

Vietnam waters, where diurnal components are deformed by shallow effects (Fang 1999). As a 

result, tidal regime along Vietnam coast is mostly dominanted by diurnal tides, which is 

significantly different from other coastal regions in the world with general dominance of semi-

diurnal tides (Nguyen, 1984). Furthermore, tidal range varies considerably as it maximizes in 

head of Tonkin bay and southeast coast (being up to 4 m), while it minimizes in the mouth of 

Tonkin bay and southwest coast (around 0.5 m). Along the Vietnam coast, the tidal regime can 

be divided into four types: dominantly diurnal, mixed diurnal, semi-diurnal, and mixed semi-

diurnal (Table 2.1).  

The seasonally coastal processes along the Vietnam coast are controlled by the two main 

monsoonal systems that reverse direction twice a year (Wyrtki, 1961). Two prevailing wind 

systems are the North East (NE) and the South West (SW) monsoons (Figure 2.9). From 

September to April the NE monsoon is dominant. This monsoon is fully developed in January 

(average 9 ms-1), and prevails over entire the East Sea. From February onwards, the NE 
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monsoon weakens but prevails until April. From May the SW monsoon starts to increase, and 

heads to the full development in July and August (average 6 ms-1).  

Although knowledge about seasonal cycle along Vietnam coast has been obtained, the 

number of studies on mean sea level variation have been minimal. It has been well established 

that seasonal variation in the open coast from central coast to southeast coast is controlled by 

the monsoons (Amiruddin et al., 2015; Hak et al., 2016; Ho et al., 2000; Wyrtki, 1961).  

Particularly, Amiruddin et al. (2015) showed that the seasonal signal in Vung Tau (located in 

southeast coast-Figure 2.8) has the largest range (being around 43 cm) compared to other 

regions in Vietnam coast, and reaches a peak in winter while being a trough in summer. The 

mean sea level change consists of a linear trend and a non-linear signal that includes ENSO and 

long-term tidal forcing components. The mean linear trend along Vietnam coast, which results 

from global warming, is around 3.5 mm/year (MONRE, 2016). For the entire East Sea, it has 

been concluded that inter-annual sea level correlates closely to ENSO (Peng et al., 2013). For 

instance, the mean sea level for the whole basin is higher in La Nina events, while it is lower in 

El Nino events. Rong et al. (2007) explained that in summer times when an El Nino event is in 

its developing stage, there is an anomalous anti-clockwise ocean circulation that exists in the 

 

Figure 2.9. The average wind direction (vectors) and sea level pressure (colour shading) during (a) the 

Northeast monsoon and (b) the Southwest monsoon (Amiruddin et al., 2015). 
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central of the East Sea. At this time, the increased Kuroshio intrusion though Luzon strait 

enhances the northern section of the ocean gyre, resulting in a lower mean sea level in the 

central basin through a geostrophic balance. However, the response of inter-annual sea level 

along Vietnam coast to ENSO has not been documented in detail. The inter-annual sea level 

due to 18.6 nodal cycle along Vietnam coast also has received much attention among scientists 

(Feng et al., 2015; Haigh et al., 2011; Peng et al., 2019). These authors were consistent to show 

that the 18.6 nodal signal range in the Tonkin bay is one of the largest nodal modulations over 

the world (being up to 30 cm) because of the dominance of diurnal systems in the bay. On the 

other hand, the southeast section where experiences mixed, semi-diurnal tides with a large tidal 

range (up to 4m) occupies low-lying topography, suggesting that the 4.4 lunar modulation may 

have a significant effect on the high water level.  The role of 4.4 lunar perigee modulation on 

inter-annual sea level along Vietnam coast has not been investigated intensively in the literature. 

Although understanding mean sea level variability along Vietnam coast has been achievable, 

some questions remain unknown. Three raised research questions are: (1) whether any other 

factor is responsible for the seasonal cycle in addition to the monsoons; (2) which regions along 

the Vietnam coast are the most affected by the ENSO; and (3) if there is a combination between 

the ENSO signal and the long-term tidal signal that leads to historic flooding years.  

These questions will be addressed in Chapter 3, which examines the seasonal and inter-

annual variability along the Vietnam coast. 

2.4.2 Australian North West Shelf 

Located in the northeast of Indian Ocean, Australian North West Shelf (NWS) consists 

of a broad shelf that is relatively wider than shelves surrounding the Australian continent 

(Figure 2.10). The shelf is an industrially important region that includes the exploration, 

production and export of petroleum (oil and gas) and mineral products (Drenth, 2007). NWS is 
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also a hotspot of marine biodiversity including mangroves, algal meadows, sandy beaches, soft 

sediment fauna, coral reefs and rocky shores (Osborne et al., 2000). Environmental conditions 

of the NWS are generally arid-tropical with warm water, a relatively high tidal range, seasonally 

varying cross-shelf gradients in water properties (Pearce et al., 2003).  

NWS is a region of strong tides with a dominance of semi-diurnal tides, and the tidal 

range is up to 10 m in the north (Figure 2.11). The amplitude of M2 increased along the coast 

from North West Cape to Broome (Holloway, 1983). The author attributed this pattern to three 

possible causes: 1) widening shelf from North West Cape to Port Hedland, 2) an increase in 

shelf –edge tide from Port Hedland to Broome where shelf width kept constant, and 3) local 

 

Figure 2.10. Map of the Australian North West Shelf showing analysed TCs in this thesis. The arrows present 
the TC translation direction. While the green asterisks denote tide gauge sites, the back dashed line shows the 
200m contour.  The inset shows the location of the study area (red box). 
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resonance around Broome. The change in amplitude of M2 resulted in an along-shelf pressure 

gradient, which was a driving force of the along-shelf component of the M2 current.  

The NWS has the highest tropical cyclone (TCs) activity within the Australian region. 

Generally, TCs are formed in the warmer waters of Timor Sea, then travelling south-westward 

into the NWS region in summer times (December-April) (Figure 2.12), with an annual average 

of five TCs in which ~two TCs crossing the shoreline (Goebbert and Leslie, 2010). The 

Australian Bureau of Meteorology (BOM) classifies TCs into five severity categories: 1) 63-88 

kmh-1; 2) 89-117 kmh-1; 3) 118-159 kmh-1; 4) 160-200 kmh-1 and 5) greater than 200 km h-1. 

Australian TCs are named when they experience 10-min, 10-m sustained wind speeds greater 

than 17 ms-1, spanning more than 50% of the cyclone.  

Storm surge includes distinguished processes such as forerunner, primary surge and 

coastal trapped waves depending on the central storm location to the coast (for details see 

Section 2.2). The relationship between features of a storm (intensity, path, size and translation 

speed) and these processes has been intensively investigated in the literature. The primary surge 

 

Figure 2.11 Tidal form factor (left panel) and tidal range (right panel, unit in m) in Western Australia. The 

tidal constituents used to estimate the form factor were derived from TPXO7.2 (Egbert and Erofeeva, 
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, which is the largest component, has attracted the most attention among scientists. Early studies 

found that a dropped central pressure would contribute to about 50% storm surge and primary 

surge occurred when a storm crossed at a normal angle or at an angle around 450 to the coast 

(Conner et al., 1957; Jelesnianski, 1966). While Irish et al. (2008) stressed that storm size 

greatly affected primary surge, Rego and Li (2009) found that a faster moving storm increased 

the primary surge but decreased the flood volume. The coastal water variation due to a storm 

landfall includes long waves (edge waves and continental shelf waves), which have also 

received much attention in the literature. Through a numerical model in which storm paths 

varied among perpendicular, parallel or oblique but translation speed kept constant at 20 kmh-

1, Tang and Grimshaw (1995) argued that the first mode shelf waves were dominant in coastal 

ocean storm surges. Being motivated by an observed edge wave generated by the hurricane 

Wilma 2005 in Florida coast (Yankovsky, 2008), the subsequent numerical study given by 

 

Figure 2.12. Tropical cyclone incidence from 1907 to 1999 (Eliot, 2018).  
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Yankovsky (2009) further figured out that types of long waves were dependent on translation 

speed of hurricanes. Although the forerunner surge, a gradual increase in sea level prior to a 

landfall, was ignored in the past partly due to its relative small magnitude (generally less than 

1m) (Redfield and Miller, 1957), it recently has been attractive to the academic (Kennedy et al., 

2011; Suh and Lee, 2018; Trinh et al., 2020). Using numerical simulations, Liu and Irish (2019) 

quantitatively proved that slow-moving, large, intense storms were likely to generate dangerous 

forerunner surge.  

Few publications about storm surge dynamics including forerunner, continental shelf 

waves (CSWs) and edge waves along the Australian NWS have been conducted.  Having 

interpreted data of 8 TCs in NWS, Hopley and Harvey (1976) concluded that the forerunner 

could account for 50% of the surge, and suggested that its generations may involve mass 

transport in the form of an ocean current radiating from the cyclone. Observational studies 

(Eliot and Pattiaratchi, 2010; Webster, 1985) as well as numerical model (Tang et al., 1997) 

proved that coastal variations in NWS to TCs were in the form of low mode CSWs. The 

numerical model given by Fandry and Steedman (1994) showed that an edge wave that 

propagated northward was generated as a perpendicular TC with a translation speed of 10 ms-1 

crossed the shoreline near Port Headland. Previous studies have focused on an individual 

process, so storm surge dynamics in the study area still remain unclear. It has been known that 

features of a TC (intensity, size, translation speed and path) control the response of coastal surge 

(Zhang and Li, 2019). However, in this thesis I limit the scope of study to variations in 

translation speed of a perpendicular TC. Two specific questions that I want to explore are: 1) 

How the translation speed of the cyclone affects generation of forerunner, CSWs and edge 

waves and; and 2) How features of these components (wave height and period) vary in response 

to varying translation speed of the TC.  
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These questions will be answered in Chapter 4, which investigates the dynamics of 

storm surge along Australian NWS through observations and numerical simulations. 

Resonance is a phenomenon in which an amplified oscillation occurs when the 

frequency of an external force matches the natural frequency of the system. The transfer of 

energy from the atmosphere to the ocean is considered a forced oscillator, as a result oceanic 

variation is at a maximum response that is higher than what would be expected under resonant 

conditions. The most sub-inertial responses of the ocean to TCs are in the form of CSWs, 

making a significant contribution to storm surge (Ke and Yankovsky, 2011; Tang and 

Grimshaw, 1995). A typical example of a CSW amplification was given by Morey et al. (2006) 

who found that translation speed of Hurricane Dennis 2005 was equal to the phase speed of a 

travelling wave, resulting in a resonant condition. Consequently, the amplified CSW caused the 

unexplained anomalously storm surge along the Florida coast. Two factors result in the 

excitation of CSWs. The first factor is related to a condition when the velocities of the shore-

parallel TC and the wave are equal (Eliot, 2018; Eliot and Pattiaratchi, 2010; Fandry et al., 

1984; Schumann and Brink, 1990). The second factor occurs as a large slow-moving storm 

approaches obliquely to the coast at a critical angle (As-Salek and Yasuda, 2001; Thiebaut and 

Vennell, 2011).  

Flows past islands and headlands have received great attention in the literature because 

they have important implications for geomorphology, navigation and fishery (Wolanski et al., 

1996). Typical examples about wakes in the vicinity of islands include Johnston Atoll (Barkley, 

1972), Rattray (Wolanski et al., 1984), Rottnest (Alaee et al., 2007)  and Sri Lanka Dome (de 

Vos et al., 2014).  The nature of the wake in the lee of islands could be predicted using scaling 

arguments such as Reynolds number (Tomczak, 1988) and island wake parameter P (Wolanski 

et al., 1984).  In a comparison between remotely sensed data and theory, Pattiaratchi et al. 
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(1987) concluded that values obtained for the island wake parameter P described observed 

wakes correctly. The parameter P is given by P=UH2/KzW, where U is velocity scale, H is the 

water depth, Kz is vertical eddy viscosity and W is width of the island. For low values of P 

(<<1), there is no eddy in the wake. For P around 1, the wake consists of a stable eddy. For P 

greater than 1, instabilities occur in the wake. For high values of P (>>1), the wake consists of 

counter-rotating eddies that form a vortex street.  

In spite of an achievable understanding of CSWs induced by TCs on the Australian 

NWS, little is known about the effects of CSW amplification. In the study on circulation on 

NWS Webster (1985) concluded that current structures in response to TCs were mainly due to 

the mode 1 CSWs. In agreement with Webster’s conclusion, Fandry and Steedman (1989) 

found that after the passage of the TC Ian 1982 an anticlockwise eddy that propagated south-

westward was the beginning of a free CSW. In an effort to advance an understanding of TC 

driven current, Hearn and Holloway (1990) successfully simulated vertical variations in 

currents during the TC Ian 1982 that travelled parallel to the coast; however, their model did 

not capture strong currents observed at Rankin and Gorgon (off Dampier, Figure 2.10), where 

was located far away (more than 300 km) from the landfall of TC Jane 1983 (east of Port 

Hedland). This prompted Tang et al. (1997) to investigate the mechanism generation of CSW 

during TC Jane 1983, which moved cross-shore. Based on observations and 2D model, they 

figured out that surge currents off Dampier were interpreted by the CSW. Together, these 

studies indicated that low-frequency oceanic response to severe TCs in NWS was in the form 

of CSW. However, these publications did not report on an amplified CSW generated by the 

low-pressure disturbances, which led to significant low-frequency oceanic motions. In addition, 

the effects of topographic irregularities in the vicinity of Barrow Island on coastal sea levels 

and currents on NWS still have been neglected. Two questions considered worthy of further 

investigation are: 1) Which characteristics of an atmospheric disturbance determine an 
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amplified CSW; and 2) Once formed, how the CSW interacts with the irregular topography 

around the Barrow Island;  

These questions will be dealt with Chapter 5, which investigates the tropical lows, 

continental shelf wave, and its topographic interaction along the Australian North West Shelf. 

2.5 ROMS 

The selected numerical model in this thesis is the Regional Ocean Modelling System 

(ROMS). The model has been previously used to study internal ocean and sediment transport 

driven by TCs in Australian NWS (Dufois et al., 2018; Rayson et al., 2015), CTWs around 

Western Australia (Hetzel et al., 2017) ), and the response of long waves to a TC (Ke and 

Yankovsky, 2011; Yankovsky, 2009). 

ROMS is a split-explicit, free surface, terrain-following coordinate model that solves 

barotropic and baroclinic momentum equations separately (Shchepetkin and McWilliams, 

2009, 2005). The model has a 2-way, time-averaging for the barotropic mode, satisfying the 3D 

continuity equation. The designed 3rd-order predictor-corrector time step algorithm allows a 

significant increase in the permissible time-step size and a reduction of small-scale numerical 

dispersion and diffusion, hence improving computational efficiency (Shchepetkin and 

McWilliams, 2005). ROMS has various selections for advection schemes: second- and forth-

order centred differences, and third order –upstream biased which is the model default. The 

latter scheme allows the generation of steep gradients, enhancing the effective resolution of the 

solution for a given grid size (Shchepetkin and McWilliams, 1998). Explicit lateral viscosity is 

not needed in ROMS because of the implicit diffusion in the default scheme, except for sponge 

layers near the open boundaries where the viscosity increases gradually close to the lateral open 

boundaries. Resolving the vertical resolution in the surface layer while having a deeper model 

depth is one of the barriers in modelling (Griffies et al., 2000). In ROMS, this has been dealt 
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with by utilizing vertical stretching functions that increase the resolution in the surface/bottom 

layers (Shchepetkin and McWilliams, 2003; Song and Haidvogel, 1994). This is an important 

aspect because in this study I focus on variations in sea surface layers that are greatly affected 

by strong TC winds.  

ROMS is a member of a general class of three-dimensional, free surface, terrain 

following numerical models that solve the Reynolds-averaged Navier-Stokes equations using 

the hydrostatic and Boussinesq assumptions. The governing equations in Cartesian coordinates 

can be written:  

 Horizontal momentum equations 

 Advective – diffusive equations for potential temperature T and salinity S  

 Hydrostatic equation 

 Continuity equation for an incompressible fluid 

 Equation of state for seawater 

For the above equations:  

 u, v, w : The components of the velocity �⃗� (ms-1) in x, y, z respectively 

 + �⃗�. ∇u − 𝑓𝑣 = − + 𝐹 + 𝐷   (2.11) 
 

 + �⃗�. ∇u + 𝑓𝑢 = − + 𝐹 + 𝐷   (2.12) 

 

 + �⃗�. ∇T = 𝐹 + 𝐷   (2.13) 
 

 + �⃗�. ∇S = 𝐹 + 𝐷   (2.14) 
 

 = −   (2.15) 

 

 + + = 0  (2.16) 

 

 ρ = ρ(T, S, P)  (2.17) 
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 x, y, z: Horizontal and vertical coordinates 

 f: Coriolis parameter 

 𝜙: Dynamic pressure 

 𝐹 , 𝐹 , 𝐹 , 𝐹 : Forcing terms 

 𝐷 , 𝐷 : Lateral momentum dissipation terms 

 𝐷 , 𝐷 : Diffusivity for temperature T and salinity S 

 g: Acceleration due to gravity 

 𝜌 : Reference sea water density (1027 kgm-3) 

 𝜌: Sea water density (kgm-3) 

 P: Total pressure 
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 The monsoons, ENSO and Nodal tides control seasonal 

and inter-annual sea level variability along the Vietnam coast 

3.1 Summary 

Sea level variability along the Vietnam coast caused by tides and storm surges has been 

discussed in the literature, but longer-term sea level changes have not been addressed. The aim 

of this Chapter was to examine the role of three processes on sea level variability: (1) monsoon 

and river discharge in the seasonal sea level signal; (2) the linkage between the ENSO (El Niño–

Southern Oscillation) and the interannual sea level signal; and (3) the influence of the 18.6-year 

lunar nodal cycle and the quasi-4.4-year lunar perigee cycle on the high water tidal levels. The 

study used long-term tide gauge records (obtained from PSML), coastal altimeter data (obtained 

from AVISO), and predicted tides data (from the TPX07.2 global tide model). The seasonal sea 

level variability along the central to the south-east coast of Vietnam during the study period 

was mainly controlled by monsoon winds, whereas in the Gulf of Tonkin, in the north, it was 

attributed to strong seasonal discharge from the Red River. The magnitude of the seasonal 

variability in the mean sea level in the north (Hon Dau) was < 0.3 m, whereas in the south 

(Vung Tau) it was > 0.4 m. At all locations, the sea level was higher during winter in response 

to the onshore monsoon winds. The sea level minima were recorded in summer (July), except 

at Hon Dau, where the minima occurred in March. The discharge from the Red River 

contributed to maintaining higher mean sea levels in summer. The ENSO effects governed the 

interannual variability. In particular, changes to the strength of the ocean currents along the 

coast of Vietnam drove the strong response of the mean sea level to ENSO events along the 

central and south-east coasts. Here the coastal sea levels indicated a strong correlation with the 

Southern Oscillation index (SOI), a measure of the ENSO’s strength. Along the northern coast, 
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where diurnal tides were dominant, the sea level was strongly affected by the 18.6-year lunar 

nodal cycle, with an amplitude of 0.2 m. This region of the coast will experience an increase in 

mean sea levels by 0.4 m over 2015 to 2025 because of the nodal cycle and will be at risk of 

coastal inundation in ~2025 because of the next high stand of the nodal tidal cycle. In contrast, 

flooding along the low-lying, south-east coast (downstream of the Mekong Delta) was due to 

strong winter monsoons in conjunction with the interaction between the ENSO-induced 

interannual sea level variations and the 4.4-year lunar perigee cycle. The results indicated that 

different driving forces contributed to the seasonal and interannual mean sea level variability 

along the north and south coasts of Vietnam, which affected the predictions of coastal flooding 

along the Vietnam coast.   

3.2 Introduction 

 Knowledge of sea level variability is crucial for a range of coastal activities involving 

navigation, beach stability, and coastal planning. Records of short-term (of the order of days) 

and long-term (of the order of months and greater) sea level oscillations are needed to interpret 

historic patterns of coastal changes and predict possible trends. Sea level changes in coastal 

regions have timescales ranging from seconds to centuries, and are governed by astronomical 

tides, meteorological conditions, local bathymetry, and a host of other factors (Pugh, 1987). 

Globally, the gravitational forces of the Moon–Sun–Earth system cause the tidal variability, 

with periods of 12 and 24 hours. In many regions, the effects of these tides dominate the water 

level variation; however, in regions where the tidal range is small, other processes determine 

the local water level. These processes include seiches, tsunamis, storm surges, coastally trapped 

waves, and seasonal and interannual variability (Pattiaratchi, 2011). 
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Globally, monthly averaged sea levels generally undergo a seasonal cycle (Komar and 

Enfield, 1987). Knowledge of the seasonal cycle’s spatial and temporal variability is crucial 

because its large amplitude may affect the frequency and magnitude of coastal inundation 

(Menendez et al., 2009). Pattullo et al. (1955) used sparsely distributed tide gauge records to 

investigate a global summary of the seasonal cycle. They found that seasonal variations ranged 

from only a few cm in the tropics to 20 cm or more at higher latitudes. The largest variation 

occurred in the Bay of Bengal, where the seasonal range could reach 100 cm within a year. 

As most tide gauges are located along coasts, observations of the seasonal cycle used to 

be limited to coastal regions; however, the development of satellite altimetry in the 1990s 

allowed for a better understanding of the seasonal cycle in coastal zones and the open oceans 

(Vinogradov et al., 2008). Vinogradov and Ponte (2010) suggested the annual components of 

the seasonal cycle estimated from tide gauge records were generally larger than those estimated 

with satellites in the adjacent shallow oceans.  

El Niño–Southern Oscillation (ENSO) events result from the complex interactions 

between the ocean and the atmosphere in the tropical Pacific Ocean, and are associated with 

global climatic and environmental anomalies (Philander, 1990). The ENSO produces strong 

anomalies in the interannual sea level variability in the tropical Pacific. For instance, in the 

western tropical Pacific, mean sea level anomalies of ± 20–30 cm have been observed during 

ENSO events (Becker et al., 2012). Numerical simulations conducted by Wijeratne et al. (2018) 

showed the monthly mean water levels around Australia were higher during the 2011–2013 La 

Niña(Wijeratne et al., 2018). Along the west coast of North America, winter sea levels were on 

average 0.11 m higher than normal during the 2015–2016 El Niño (Barnard et al., 2017).  
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The 18.6-year lunar nodal cycle and the quasi-4.4-year lunar perigee cycle cause 

systematic variation in the tides (Pugh, 1987). Changes in the moon’s orbit cause the 18.6-year 

lunar nodal cycle, which has a strong influence on the lunar declination—the angle between the 

moon’s location and the equatorial plane. The mean angle between the lunar orbit and the 

equatorial plane is 23 27’. The lunar declination varies from a minimum of 18 18’ (= 23 27’– 

5 9’) to a maximum of 28 36’ (= 23 27’ + 5 9’), and the orbit cycle from minima to maxima 

and back to minima is the nodal cycle of 18.6 years (Pugh, 1987). As the lunar declination is 

strongly related to diurnal tidal forcing, the highest declination generates the strongest diurnal 

components (Ray, 2007); thus the 18.6-year lunar nodal cycle strongly affects regions with 

predominantly diurnal tidal regimes. 

Changes in the distance between the moon and the earth cause the quasi-4.4-year lunar 

perigee cycle. The moon goes through the perigee and the apogee, which are the closest and 

farthest distances from the earth, over a lunar month. The line of connecting perigee and apogee, 

which is known as the line of apsides, takes 8.8 years to revolve around the earth. This cycle in 

turn forms the quasi-4.4-year lunar perigee cycle. Around every 4.4 years, the sun is coincident 

with the line of apsides, especially around the equinoxes, which intensifies the semi-diurnal 

components (Cartwright, 1974).  

The coastline of Vietnam is S-shaped and bound by two shallow bays: the Gulf of 

Tonkin in the north and the Gulf of Thailand in the south (Figure 3.1). The Vietnam coast is 

also identified as the western boundary of the East Sea, and has strong, seasonally reversing 

ocean boundary current systems (Fang et al., 2012). Two deltas, the Red River delta in the north 

and the Mekong delta in the south, have low topography (i.e. from 1 to 10 m above mean sea 

level) and provide the foundation for expanding megacities (e.g. Ho Chi Minh City, which has 
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a population of > 5 million). These deltas are especially vulnerable to sea level rise (Neumann 

et al., 2015). 

 The Vietnam coast can be separated into four sections based on the continental shelf’s 

topography: (1) the northern section between 17 and 22 N, including the Gulf of Tonkin, which 

is a shallow water body with a 200-m depth contour located far from the coastline; (2) the 

central section from 11 to 17 N, which has many mountains along the coast and a steep, narrow 

continental shelf with the 200-m depth contour located close to the shoreline; (3) the south-east 

section, which is a large tidal flat with mild slopes and shallow depths and forms the 

downstream area of the Mekong River with many estuaries to the East Sea; and (4) the south-

west section, which has a small tidal range and is exposed to the Gulf of Thailand.  

 

Figure 3.1. Map describing the Vietnam coast. Sites labelled as a, b, c, d, and e are Hon Dau, Da Nang, Quy 
Nhon, Vung Tau and Hon Tre respectively. Magenta line presents the 200 m contour.  
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Tides and reversing monsoon winds are critical processes, which control sea level 

variability along the Vietnam coast. Tidal waves enter the East Sea through Luzon Strait (Figure 

3.1) and then travel along the Vietnam coast; here shallow effects deform the diurnal 

components of the tidal waves. As a result, diurnal tides dominate the tidal regimes along the 

Vietnam coast. In contrast, semi-diurnal tides generally dominate the tidal regimes in other 

coastal regions around the world (Nguyen, 1984). The tidal range also varies significantly, with 

maximum values at the head of the Gulf of Tonkin and the south-east coast (tidal range of ~4 

m) and minimum values at the mouth of the Gulf of Tonkin and the south-west coast (tidal 

range of ~0.5 m) (Error! Reference source not found.). 

The annual reversal of the monsoon winds also affects Vietnam’s coastal sea levels. The 

north-east winter monsoon, which usually occurs from November to February, may drive the 

mean sea level up to 40 cm; the south-west summer monsoon, which occurs between June and 

August, is weaker (Pham, 2009). The wind systems drive the seasonal coastal currents, thereby 

leaving a clear signal in the coastal sea levels (Fang et al., 2012).  

 

Figure 3.14. (a) Map of interested sites and (b) mean amplitudes for the main tidal constituents (M2, S2, K1, 
and O1) at each site. 
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Many studies have addressed the variability in the seasonal cycle along the Vietnam 

coast, but only a few have addressed the interannual variability. The monsoon cycle controls 

the seasonal variation along the central to south-east coasts (Amiruddin et al., 2015; Hak et al., 

2016; Ho et al., 2000; Wyrtki, 1961). Amiruddin et al. (2015) showed the seasonal signal in 

Vung Tau (located on the south-east coast; Figure 3.1) contained the largest seasonal range 

(~43 cm) of all the regions along the Vietnam coast. Here the water level was highest in winter 

(north-east monsoon) and lowest in summer (south-west monsoon). 

The longer-term sea level variation can be classified as a linear trend and a non-linear 

variability consisting of the ENSO signal and the long-term tidal forcing signal. Based on 

altimetry data, the estimated mean linear trend along the Vietnam coast resulting from global 

warming is ~3.5 mm/year (MONRE, 2016). This trend is similar to trends reported globally. 

Peng et al. (2013) and Rong et al. (2007) found the interannual sea level variability of the East 

Sea was related to the ENSO signal. For instance, the mean sea level for the whole basin was 

higher during La Niña events and lower during El Niño events. 

Few studies have documented the ENSO’s effect on interannual sea levels along the 

Vietnam coast, while the effect of the 18.6-year lunar nodal cycle on interannual sea levels 

along the Vietnam coast has received much attention. (Feng et al., 2015; Haigh et al., 2011; 

Peng et al., 2019) showed that the 18.6-year lunar nodal signal range in the Gulf of Tonkin is 

one of the largest (~30 cm) nodal cycles in the world because of the dominance of diurnal tides 

in the gulf. In contrast, the south-east section, which occupies low-lying topography, 

experiences mixed, semi-diurnal tides and has a large tidal range (~4 m), which suggests the 

4.4-year lunar perigee cycle may elevate sea levels. Few studies have investigated the effect of 

the 4.4-year lunar perigee cycle on interannual sea levels along the Vietnam coast. In our study 

of sea level processes along the Vietnam coast, we examined: (1) the impacts of the reversing 
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mean values on a 0.75 resolution grid. We used these data to assess the forcing of the seasonal 

sea level changes. 

We used coastal altimeter data obtained from AVISO (http:/www.aviso.altimetry.fr/duacs/), 

which covered the entire Vietnam coast, to examine the interannual sea level variability. The 

monthly averaged maps of sea level anomalies in the data set were merged from several 

altimetry missions (T/P, Jason-1, Jason-2, Envisat, ERS-1 & 2, and Cryosat-2) and spanned the 

24 years from January 1993 to December 2016. Atmospheric and oceanic corrections, such as 

pole tide, ocean tide, and dynamic atmospheric correction, were applied to the data set (Carrère 

and Lyard, 2003).  

The coastal altimeter data were processed as follows: (1) monthly time series data from 

16 stations along Vietnam coast (Figure 3.3) were retrieved; (2) a least square technique (Emery 

and Thomson, 2001) was applied to isolate annual and semi-annual harmonics from original 

time series. By removing the seasonal signals, we obtained the residual time series; (3) a 

Butterworth low-passed filter  with a cut-off period of 20 months was applied to those residual 
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time series. As a result, we achieved inter-annual signals ; (4) the data from the 16 stations were 

grouped based on four regions (north coast- NC, central coast- CC, south-east coast- SEC, and 

south-west coast- SWC )  (see also Figure 3.3); and, (5) principal component analysis (PCA) 

was utilized to identify the spatial and temporal sea level variations in the study area 

(Preisendorfer, 1988).  

 

Figure 3.3. Map of tidal stations to examine inter-annual variability using satellite altimeter data. 
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 We used surface current data from SODA v3.4.2, which covered the period from 1992 

to 2015, to examine the factors contributing to the interannual sea level variability. The SODA 

model output contained surface current vectors at 0.5 x 0.5 horizontal resolution and was 

forced with atmospheric variables from the ECMWF ERA-Interim dataset (Carton et al., 2018). 

We used 13 tidal constituents from the TPXO 7.2 global tidal model to assess the effects 

of long-term tidal forcing on high water levels (Egbert et al., 1994). The tidal constituents 

included eight primary (M2, S2, N2, K2, K1, O1, P1, and Q1), two long‐period (Mf and Mm), and 

three shallow water (M4, MS4, and MN4) constituents on a 0.25 resolution grid (Egbert et al., 

1994; Egbert and Erofeeva, 2002). We also used the Tide Model Driver (TMD) Matlab toolbox 

(https://github.com/EarthAndSpaceResearch/TMD_Matlab_Toolbox_v2.5) to predict the tides 

along the Vietnam coast. Standard satellite modulation corrections and 16 other minor 

constituents were included in the tidal prediction (Haigh et al., 2011). 

Following Haigh et al. (2011), the data processing was carried out as follows: (a) tidal 

constituents from the TPXO 7.2 model were used to predict the tides. The predicted hourly tidal 

 

Figure 3.4. (a) The predicted hourly tide; (b) The annual 99.9th percentile level; (c) The 18.6 and 4.4 cycles 
measured from 99.9th percentile at Hon Dau. Note that the mean was removed in time series. 
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time series covered the 100 years from January 1950 to December 2049; (b) the 99.9th 

percentile analysis (e.g. 99.9% of the tidal height was below this determined value) was selected 

to identify the influence of the lunar nodal cycle and lunar perigee cycle on extreme tidal levels 

(Woodworth and Blackman, 2004). This corresponded to the level of the eight highest hourly 

sea level values in a normal year; (c) a harmonic analysis with the predetermined frequencies, 

such as the 18.6-year lunar nodal cycle and 4.4-year lunar perigee cycle, was applied (Emery 

and Thomson, 2001; Pugh, 1987). The resulting time series obtained through the application of 

these 3 steps for Hon Dau station are shown in Figure 3.4. 

3.4 Results 

3.4.1 Seasonal variability 

The monsoon systems, which result in winds reversing direction twice a year as the 

north-east and the south-west monsoon winds, control the seasonal variability of the ocean 

processes along the Vietnam coast (Wyrtki, 1961). The stronger north-east monsoon winds, 

with mean speeds of ~9 ms–1, are present in boreal winter (December to February). A persistent 

high atmospheric pressure system in the northern region (Error! Reference source not 

found.a) causes these winds. The south-west monsoon winds are present in boreal summer 

(June to August) and have mean wind speeds of ~6 ms–1; during this period, the northern region 

experiences lower atmospheric pressure (Error! Reference source not found.c).  

The prevailing winds mainly drive the coastal currents (Fang et al., 2012). During the 

south-west monsoon, a strong, stable current flows parallel to the coast from Karimata Strait 

(Figure 3.1) to the central Vietnam coast (~12 N) (Error! Reference source not found.a). 

Following the curvature of the coast, the current then turns eastward (offshore). Fang et al. 

(2012) named this current the Vietnam Offshore Current (VOC). Ho et al. (2000) found a larger-
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scale, clockwise circulation in the deep waters of the East Sea, which moved southward. During 

the north-east monsoon, the current mainly originates from Luzon Strait and flows south along 

the Vietnam coast and into Karimata Strait (Error! Reference source not found.b). Along the 

south-east coast, an anti-clockwise circulation may enhance the coastal current. 
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Figure 3.5. Wind direction and mean sea level pressure in (a) winter, (b) spring, (c) summer and (d) autumn. 
Data were taken from ECMWF. 

 

Figure 3.6. Mean surface currents in (a) summer; and, (b) winter from SODA output. 
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Figure 3.7. Monthly mean sea level at (a) Hon Dau , (b) Da Nang , (c) Quy Nhon and (d) Vung Tau. Sites are 
present in Figure 3.1. Given years denote duration over which data were recorded. Dashed blue lines present 
standard deviation. Monthly mean river discharge in Red River basin was taken from Gao et al. (2013). 
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 The variability of the sea levels along the Vietnam coast at the seasonal time scales 

changed spatially. Forcing from the seasonally changing monsoon winds and ocean currents 

dominated the sea level changes in the southern section whilst the Red River discharge 

influenced the seasonal sea level signal in the Gulf of Tonkin (Figure 3.). At the start of summer, 

offshore winds lowered the sea levels along the central and southern coasts, with minimum sea 

levels recorded in July (Figure 3.b–d). 

The coastal boundary current that flowed along the south-east coast in summer 

contributed to the decrease in sea levels at Vung Tau. This can be attributed to the influence of 

Earth’s rotation (Coriolis force), in which the surface water is moved offshore (‘Ekman drift’), 

decreasing the water level at the coast. This accounts for the fact that the mean sea level at Vung 

Tau was generally lower than that at Quy Nhon and Da Nang (Figure 3.). At the end of summer, 

onshore winds associated with the north-east monsoon raised the sea levels at these stations, 

with maximum levels recorded in November and December. 

The seasonal sea level variation at Hon Dau, located in the Gulf of Tonkin, was different 

from that of the other tide gauge stations along the open coast. Here the sea level was lowest in 

March (spring), then gradually increased in August (summer), which was consistent with 

seasonal Red River discharge (Figure 3.a). The northern region experiences a tropical monsoon 

climate, with a dry season from November to April and a wet season from May to October 

(Dang et al., 2010); therefore, the Red River discharge maintained higher sea levels at Hon Dau 

during summer. 
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3.4.2 Inter-annual variability due to ENSO 

There was a strong correspondence between the interannual sea level changes along the 

Vietnam coast and the ENSO events, represented by the Southern Oscillation index (SOI) 

(Figure 3.). In general, lower sea levels were associated with negative SOI or El Niño events 

(e.g. 1997–1998) and higher sea levels were associated with positive SOI or La Niña events 

(e.g. 2011–2012). The first principal component accounted for 73% of the total variance 

(Error! Reference source not found.a), which highlighted the close relationship between the 

mean sea levels and the SOI. The PCA is a method used to compress the variability of time- 

series data. In Figure 3.9 , data sets include monthly sea level time series-shown in Figure 3.8. 

The first mode of PCA has the largest spatial scales and represents the most prevalent modes 

of variability. 
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Figure 3.8. Time series of regional average low-passed sea level anomalies (blue) against low-passed SOI 
(red). SOI was modified scale. SOI is taken from http://www.bom.gov.au/climate/current/soi2. 

 

Figure 3.9. Time coefficient for (a) the first principal component (PC) and low-passed SOI, and (b) spatial 
distributions of the eigenvectors for the 1st PC. 
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The response of the interannual sea level variability along the Vietnam coast to the 

ENSO also varied in space with regard to the magnitude and phase. The correlation coefficients 

between the low-passed sea level anomalies and the low-passed SOI for the open coast (central 

and south-east coasts) were more than double those in the gulfs (north and south-west coasts) 

(Error! Reference source not found.). In addition, the time lags between the sea level along 

the open coast and the two gulfs corresponding to the SOI were two and four months, 

respectively (a positive value means the SOI leads to the sea level). The higher variance of mean 

sea level anomalies for the open coast was also present in the spatial distribution diagram of the first 

principal component in which the highest eigenvalue was found at the central coast (Error! Reference 

source not found.b).  

3.4.3 Inter-annual variability due to tides 

The two main long-period tides are the 18.6-year lunar nodal cycle and the 4.4-year 

lunar perigee cycle. The influence of the 18.6-year lunar nodal cycle is dominant in regions 

with diurnal tides, whereas the 4.4-year lunar perigee cycle is dominant in regions with semi-

diurnal tides (Haigh et al., 2011). 

The Vietnam coast experiences a range of tidal conditions. The tidal range ranges from 

0.5 m (Hon Tre) to ~4.0 m (Vung Tau). Diurnal tides are dominant (F-ratio > 3.0; See table 3.2) 

Table 3.1. Correlation between low-passed sea level anomalies and low-passed SOI. 

Region name Lag (months) Correlation 

North coast 4 0.3 

Central coast 2 0.6 

Southeast coast 2 0.7 

Southwest coast 3 0.3 
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at Hon Dau (on the north coast) and Hon Tre (on the south coast) (Error! Reference source 

not found.). Quy Nhon, on the central coast, has mixed, mainly diurnal tides (F-ratio = 2.5). At 

these three locations, the range of the 18.6-year lunar nodal cycle was greater than it was for 

Thuan An and Vung Tau (Error! Reference source not found.), which experience mixed, 

mainly semi-diurnal tides (F-ratio = 0.7 and 1.1, respectively). At Thuan An and Vung Tau, the 

4.4-year lunar perigee cycle was comparable to the 18.6-year lunar nodal cycle (Figures 3.10b, 

d; 3.11).  

The predicted tidal time series also indicated that the most recent high stand occurred 

in 2006, with the next high stand expected in 2025.  Similarly, the last low stand was reached 

in 2015, with the next  minima predicted in 2034 (Figure 3.10). 

The maximum range for the 18.6-year nodal cycle was 0.4 m at Hon Dau, and the 

minimum was 0.05 m at Thuan An (Figure 3.11). The significant change in the amplitude of 

nodal range is due to the change in tidal range along Vietnam coast. Here at Hondau, where 

Table 3.2. Tidal characteristics along the Vietnam coast. Sites are present in Figure 3.2. The tidal constituents 

are derived from TPXO7.2 (Egbert and Erofeeva, 2002). The form factor is measured as F=(HK1+ HO1)/( 
HM2+ HS2). The tidal regime is classified as follows: 0<F<0.25, semi-diurnal; 0.25<F<1.5, mixed and mainly 

semi-diurnal; 1.5<F<3.0, mixed and mainly diurnal; and F>3.0, diurnal (Pugh and Woodworth, 2014). 

Coastal 
section 

Location 
Amplitude of tidal constituents (cm) 

Tidal 
regime  

Form 
Factor 

Tidal 
range 
(m) M2 S2 K1 O1 

Northern 
coast 

Hon Dau 7 4 57 65 Diurnal 11.1 3-4 

Central 
coast 

Thuan An 17 4 4 10 
Mixed, 
semi-
diurnal 

0.7 0.5 

Quy Nhon 17 7 33 28 
Mixed, 
diurnal 

2.5 1.2-2.0 

Southeast 

coast 
Vung Tau 75 27 65 48 

Mixed, 
semi-
diurnal 

1.1 3-4 

Southwest 

coast 
Hon Tre 3 3 14 11 Diurnal 4.2 0.5 
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diurnal tides are dominant with tidal range up to 4m, its nodal range is predominant. By contrast, 

Thuan An, where occupies the smallest tidal range (0.5m), its nodal range is recorded the 

lowest. Figure 3.11 shows that at Vung Tau the 4.4 modulation is larger than the 18.6 

modulation. This is because Vung Tau has a mixed semi-diurnal tide in which semi- diurnal 

constituents are stronger than diurnal components (Table 3.2). 
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Figure 3.10. The 18.6-year cycle and 4.4-year cycle at a - Hon Dau, b - Thuan An, c - Quy Nhon,  d -  Vung 
Tau  and e -  Hon Tre.  Locations of the stations are in Figure 3.1. Note that the vertical scale for (a) Hon Dau 
is different to the other stations. 

 

 

Figure 3.11. Spatial distribution of 18.6 and 4.4-year cycles along the Vietnam coast. 
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We found a combination of the ENSO signal and 4.4-year lunar perigee cycle was 

attributed to historical flooding years in the south-east section. The ENSO (Figure 3.) and the 

4.4-year lunar perigee cycle (Error! Reference source not found.) affected the interannual sea 

level variation in this region, which was flooded in 2000 and 2008 (Huong and Pathirana, 2013). 

Figure 3.12 shows the inter-annual sea level variability in the southeast coast due to the ENSO 

and the 4.4 modulation. The data of the former was estimated from inter-annual sea level 

variation at the Southeast coast- shown in  Figure 3.8, while that of the latter was calculated 

from the predicted tide- presented in Figure 3.10d (the dashed blue line). As shown in Figure 

3., the interannual sea levels driven by the ENSO and the 4.4-year lunar perigee cycle were 

high in these years, which supports our finding.  

 

Figure 3.12. Inter-annual sea level variability in the southeast coast, (a) due to ENSO, (b) due to 4.4 
modulation. The asterisks in (b) denote historical flooding years 2000 and 2008.  

 



Chapter 3. The monsoons, ENSO and nodal tides control seasonal and inter-annual sea level variability along the 

Vietnam coast 

  62 
 

3.5 Discussion 

We used long-term tide gauge records, coastal altimeter data, and predicted tides data 

to study the seasonal and interannual sea level variability along the 3260-km-long Vietnam 

coast, in particular, the impacts of the monsoon system and river discharge on the seasonal sea 

level signal; the relationship between the ENSO and the interannual sea level signal; and the 

influence of the 18.6-year lunar nodal cycle and the 4.4-year lunar perigee cycle on long-term 

sea level variability. 

The seasonal sea level along the central and southern coasts was such that minima 

occurred in July during the south-west monsoon and the maxima in October/November 

coinciding with the north-east monsoon. The mean annual range was ~0.40 m at Da Nang and 

Vung Tau (Figure 3.7b, d). At Hon Dau (Tonkin Bay in the north) the annual range was 0.28 

m with the lower water levels in February/March and maxima in October (Figure 3.7a). This 

was in contrast to other stations that reached minima in July. This can be attributed to the Red 

River that discharges into Tonkin Bay during the summer and peaks in August (Figure 3.7a). 

The simulated results demonstrated by Zavala‐Garay et al. (2022) further support our 

hypothesis.  At the beginning of summer times (May), the strong rainfall produces an increase 

in the Red River discharge. Accompanied by the onset of the southwest monsoon, this leads to 

a low salinity bulge near the Red River estuary (their figure 4). Consequently, residence time 

of river waters in the northern gulf is extended, which is consistent to our argument.  

This seasonal variability is similar to that recorded in regions that experience monsoons 

and freshwater discharges. The seasonal variability around Sri Lankan waters is 0.25–0.30 m, 

with maxima recorded in December or January (north-east monsoon) and minima recorded in 

July or August (south-west monsoon). Along the Bangladesh coast, the annual sea level ranges 
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between 0.3 and 0.5 m, with maxima occurring in June, July or August, which coincides with 

the rainy season and the period of maximum discharge in all rivers (Dey et al., 2020; Khandker, 

1997). Although not subject to monsoon changes, the seasonal variability along the west 

Australian coast has a comparative range of 0.25 m because of the strength of the boundary 

currents (Pattiaratchi, 2011). 

ENSO events and long-term tidal forcing (18.6-year lunar nodal cycle and 4.4-year 

lunar perigee cycle) governed the interannual sea level variations along the Vietnam coast. In 

general, the mean sea level decreased during El Niño events and increased during La Niña 

events (Figure 3.). The correlation between the mean sea level and the SOI was higher for the 

central and south-east coasts (with a lag of two months) than it was for the northern and south-

west coasts, which are more sheltered. 

The mean sea level responds to year-to-year changes in the strength of the monsoon 

winds and the ocean currents. Changes in the wind also drive the ocean currents (Error! 

Reference source not found.). Thus it was not possible to determine whether mainly the winds 

or the ocean currents controlled the changes in the mean sea level along the Vietnam coast. The 

maximum water level change during an ENSO event was 0.05 m (Figure 3.), which is small 

compared with other regions, such as the west Australian coast, where the water level change 

during ENSO events can reach 0.25 m (Pattiaratchi, 2011). 

The maximum range for the 18.6-year lunar nodal cycle in the Gulf of Tonkin was 0.4 

m, which is one of the largest globally (Haigh et al., 2011). This range was due to the dominance 

of diurnal tides in the gulf. The F-ratio is used to classify diurnal, mixed, and semi-diurnal tides 

(Pugh, 1987). When F is > 3.0, the tides are classified as diurnal tides. For the Gulf of Tonkin, 

F = 11.0, which reflects the strong diurnal nature of the tides in the gulf. Tidal waves originate 
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from the deep Luzon Strait, where the amplitudes of M2 and S2 are stronger than those of O1 

and K1, and propagate north to shallow water through the mouth of the Gulf of Tonkin. With 

dimensions of ~500 km in length and a mean water depth of ~50 m, the natural oscillation 

period of the Gulf of Tonkin is ~25 hours, which is close to the periods of diurnal tides leading 

to resonance conditions (Fang et al., 1999). The range of 0.4 m for the 18-year lunar nodal cycle 

is large compared with the range of 0.2 m measured for the south-west Australian coast 

(Pattiaratchi, 2011).  

The two main drivers of interannual sea level variability that induce coastal flooding are 

ENSO cycles and long-term tidal forcing. Researchers have studied the individual effect of 

these two processes on coastal inundation (Eliot, 2018; Muis et al., 2018); however, little 

attention has been given to the combined effect of these processes on coastal flooding. 

The combination of the ENSO events and the 4.4-year lunar perigee cycle can be 

attributed to historical flooding years in the lower Mekong Delta of Vietnam. In this region, the 

M2 constituent was more dominant than the O1 and K1 components (Error! Reference source 

not found.); hence higher tides occurred during lunar perigee cycles. Alongshore currents 

driven by the monsoon and modulated by the ENSO feature in this region. During the winter 

of La Niña events, the north-east monsoon, coupled with strong alongshore currents, raised the 

coastal sea levels (Error! Reference source not found.; 3.6). This combination of processes 

may have contributed to the coastal flooding that occurred along the Mekong Delta in Vietnam 

in 2000 and 2008 (Figure 3.). Takagi et al. (2016)  also found that La Niña and the 18.6-year 

lunar nodal cycle occurred simultaneously; the combined effect of these processes caused a 

coastal flood event in Jakarta, Indonesia, in November 2017.  
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Several forcing mechanisms are responsible for the extreme sea levels that are related 

to coastal flooding along the Vietnam coast. Previous studies focused on processes in a 

particular region. For example, Pham (2009) studied tides and storm surges and found they 

were the main forcing of extreme sea levels in the north; de Almeida et al. (2018) studied the 

interactions between tides and wave-induced run-ups and found they were responsible for most 

of the flooding events that had occurred in the south-east of Vietnam. 

We studied the relative sea level components along the Vietnam coast and the variability 

of particular processes (e.g. the ENSO, storm surges, diurnal and semi-diurnal tides, seasonal 

cycles, and longer-term tides) along the coast (Error! Reference source not found.). Along 

the south-west coast, the range of each process was low compared with the other stations; 

however, as the tidal range here is of similar magnitude to the seasonal variation, the extreme 

 

Figure 3.13. Summary of sea level components along Vietnam coast. Storm surge data were taken from Pham 
(2009) and Takagi et al. (2014). Black asterisk denotes no storm surge data. 
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sea levels in the region are modulated by the winter monsoon. Diurnal tides caused the highest 

water levels along the whole coast (Error! Reference source not found.). 

The range of the storm surge and the 18.6-year lunar nodal cycle decreased from north 

to south, whereas the semi-diurnal tides, the seasonal signals increased from north to south. 

Along the north coast, where the range of the 18.6-year lunar nodal cycle is large (0.40 m), the 

risk of coastal inundation during the next high stand in around 2025 is high; however, the 4.4-

year lunar perigee cycle will be out of phase then, which will reduce the mean sea level by 50% 

(Error! Reference source not found.). Along the central coast, where the tidal range is lower 

than in the north, storm surges and winter monsoons, which often occur at about the same time, 

will cause extreme sea levels. The tropical cyclones that create the storm surges occur in this 

region between August and November, with the late season cyclones coinciding with higher 

seasonal water levels (Trinh et al., 2020). Along the south-east coast, the diurnal and semi-

diurnal tides dominated; thus the high water levels will occur close to the solstice and coincide 

with the higher seasonal water levels in the latter part of the year.   

3.6 Concluding remarks 

We used tide gauge records (1970–2013), coastal altimeter data (1993–2016), and 

predicted tides data from the TPXO 7.2 global tide model (100 years’ duration from 1950 to 

2049) to study the seasonal and interannual sea level variability along the Vietnam coast. Based 

on the data analysis results, we reached the following conclusions:  

Seasonal variability 

 Changes in forcing related to the monsoon (winds and ocean currents) and river 

discharge controlled the seasonal variability in the sea levels along the whole coast.  
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 Open coast (from Southeast to Centre): The monsoon winds caused minimum seasonal 

sea levels in summer and maximum sea levels in winter, with a maximum range of 40 

cm. 

 Tonkin bay (the North coast):  The discharge of the Red River caused minimum seasonal 

sea levels in spring and elevated sea levels in summer. 

Inter-annual variability 

 The interannual variability was related to ENSO events. Lower sea levels were 

experienced during El Niño events (e.g. 1997–1998) and higher sea levels were 

associated with La Niña events (e.g. 2010–2011). 

 Bays (the North and Southwest coasts): The response of sea level to ENSO was weak.  

Long term tidal variability 

 The 18.6-year lunar nodal cycle and the 4.4-year lunar perigee cycle influenced the 

interannual sea level variation along the Vietnam coast.  

 The North, Centre and Southwest coasts: diurnal areas: The range of the 18.6-year lunar 

nodal cycle dominated the sea level variability in the presence of diurnal tides. In 

particular, the water levels along the northern coast will rise during the next high stand 

of the 18.6-year lunar nodal cycle in around 2025. 

 The south-east coast: mixed, semi-diurnal area: The 4.4-year lunar perigee cycle had a 

stronger effect on inter-annual sea level variability compared with the 18.6-year lunar 

nodal cycle. The higher frequency of coastal flooding in this low-lying region was due 

to the strong winter monsoon and the interactions between the interannual sea level 

variations induced by the ENSO and the 4.4-year lunar perigee cycle.  
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 Characteristics of the forerunner and coastally 

trapped waves along the Australian North West Shelf 

4.1 Summary 

Located in the eastern Indian Ocean, the Australian North West Shelf (NWS) is 

frequently impacted by tropical cyclones (TC). Previous studies have focused mainly on the 

primary storm surge resulting from wind and atmospheric pressure changes associated with the 

TC. However, very little is known about changes in water level that occur before (referred to 

as the forerunner) and after landfall (referred to coastally trapped waves). This study 

investigated the response of coastal sea levels to TCs on Australian NWS using a combination 

of tide gauge data and the numerical model ROMS (Regional Ocean Modelling System) to 

capture water levels up to 14 days in duration, including before and after TC landfall. Two 

specific aims of this Chapter are to delineate: (1) the effects of varying translation speed of a 

cyclone on the generation of storm surge components, including forerunner and coastally 

trapped waves (edge and continental shelf waves); (2) the characteristics of storm surge 

components in response to changes in the translation speed of the cyclone. Analysis of historical 

sea level data during TCs Olivia 1996 and Monty 2004 in combination with numerical 

simulations showed that forerunner and CSW were likely to be generated by a slow-moving 

TC, whereas edge waves were attributed to fast-moving TCs. The height of the forerunner and 

edge waves were dependent on the translation speed of the TC. In contrast, the height of a CSW 

was independent of the TC translation speed. This present study highlights the significance of 

translation speed on dynamics of storm surge along Australian NWS. 

4.2 Introduction 

Extreme water levels pose a threat to global coastlines because of population growth 

and mean sea level rise. For nations located along tropical and sub-tropical regions, the most 
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extreme events are generated through tropical storm systems referred to as tropical cyclones, 

hurricanes, and typhoons, depending on the geographic region. As this study is based on the 

north-west shelf of Australia, we use the term tropical cyclone (TC) throughout this paper.  

These storm systems are the most energetic atmospheric systems that occur in conjunction with 

strong winds and rainfall, leading to severe damage to coastal infrastructure, economies and 

threats to lives. Higher water levels and large surface gravity waves accompany these storms, 

causing additional damage to shorelines through inundation and coastal erosion. It has been 

predicted that the severity and frequency of storm systems will increase under climate change 

(Knutson et al., 2010). Consequently, there has been a growing concern about storm surges and 

extreme weather events due to global warming and climate change (Lin et al., 2012).  

Many studies have addressed the generation of storm surges (non-tidal water level) that 

is usually defined as the difference between the observed water level and the predicted tide, and 

attributed to direct meteorological forcing (Pugh 1987). However, there are many different 

physical processes that contribute to the storm surge (Resio and Westerink, 2008). The two 

main forcing mechanisms of the storm surge are the wind field (speed and direction) and the 

atmospheric pressure changes and gradients, which operate over different space and time scales. 

A storm surge forced by a tropical cyclone has different physical processes that include 

(Pattiaratchi et al., 2021): forerunner, pressure response, wind set-up/set-down, wave set-up, 

meteorological tsunamis, seiches, edge waves and continental shelf waves with different 

processes dominant at separate times during the passage of the TC. These physical processes 

that influence the non-tidal water level associated with TCs can persist for up to 14 days: 

beginning 3-4 days prior to landfall and ceasing up to 10 days after the landfall of the TC. The 

forerunner occurs 3-4 days prior to TC landfall; the pressure response, wind set-up/set-down, 

wave set-up, meteorological tsunamis, seiches make up the ‘direct’ storm surge and occur close 

to TC landfall. Edge waves and continental shelf waves occur after the TC landfall.  
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The vertically averaged momentum and continuity shallow water equations (neglecting 

advection and friction) are (See reviews by Brink, 1991; LeBlond and Mysak, 1978; Mysak, 

1980):  

Where u, v are the depth-mean velocities in the x (eastward- alongshore) and y 

(northward- cross-shore) directions; It is assumed that the shelf is straight and uniform in the x 

direction, and water depth h(y) increases from onshore to deep ocean; 𝜂 is the sea level 

displacement, f is the Coriolis parameter (=2Ω sin φ, where Ω is the angular frequency of 

Earth’s rotation and φ is the latitude) and, g is the acceleration due to gravity.  
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A forerunner is defined as an increase in the mean sea level up to several days prior to 

landfall (Kennedy et al., 2011). When a TC is far offshore (>500 km), the alongshore wind 

component results in onshore Ekman transport (Figure 4.1a). Due to the presence of the 

coastline the water level at coast increases and is defined as Ekman setup 𝜂 . Assuming steady 

state conditions ( = = 0) equation 4.2 yields (Liu and Irish, 2019):       

The factors that control magnitude of forerunner are the Coriolis parameter (latitude), 

alongshore current U and cross-shore width of the current L. A wide shelf (e.g. Gulf of Mexico) 

can create a large forerunner (1.4 m for Hurricane Ike; Kennedy et al. (2011)). Trinh et al. 

(2020) found that along the Vietnam coast the forerunner was generated during almost all 

typhoons with a range between 0.20 and 0.50 m contributing up to 50% of the total water level 

change due to the storm.  

In this study, the inertial period is ~35 hours. When a TC travels slowly, for instance it 

moves several days in the ocean (more than two days), which means that time scale is larger 

than inertial period. As a result, the Coriolis force is effective, and geostrophic response occurs 

(Equation 4.4). Therefore, the main mechanism for generating Forerunner is Ekman set-up, and 

forerunner is generated by a slow-moving storm but not a fast- moving one. 

 𝜂 =
𝑓𝑈

𝑔
𝑑𝑦 

 

(4.4) 

 

 

Figure 4.1. Schematic of the mechanics of a) forerunner and b) coastal trapped waves (CTW) in the southern 
hemisphere. 
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The forerunner is a gradual increase in the water level and hence does not, in general, 

pose a direct threat to coastal communities. However, the increase in water level will result in 

a higher than expected water level during the direct surge as reported by Kennedy et al. (2011) 

for Hurricane Ike in the Gulf of Mexico. Here, the forerunner had increased the water level 

before the direct storm surge occurred. 

After the TC makes landfall, freely propagating coastally trapped waves, defined as a 

wave that travels parallel to the coast, with maximum amplitude at the coast and decreasing 

offshore are generated. Examples of these waves include continental shelf waves (CSWs), edge 

waves and internal Kelvin waves (LeBlond and Mysak, 1978). Equations 4.1-4.3, together with 

the appropriate boundary conditions, provide the dispersion relation for coastally trapped waves 

(LeBlond and Mysak, 1978):  

 where, 𝜔  is the angular wave frequency (2/T), k is the alongshore wave number 

(2/L), 𝛼 is the bottom slope, and n is the mode number. T and L are the wave period and wave 

length, respectively. In the absence of stratification, a series of free-wave modes exist that 

satisfy the equation 4.5 (Brink, 1991; Huthnance, 1975). These waves are defined as continental 

shelf waves (CSW) and contain frequencies less than the local inertial frequency (Figure 4.2) 

and have spatial and temporal scales that are large compared to Earth’s rotation. In case where 

the water depth is constant, the coastal boundary is a vertical wall and, |𝑓| ≠ 0, a Kelvin wave, 

𝜂  , exists as follows (Gill, 1983): 

 𝜔 − [𝑓 + (2𝑛 + 1)𝑔𝛼𝑘]𝜔 − 𝑓𝑔𝛼𝑘 = 0 

 

(4.5) 

 

 𝜂 (𝑦) = 𝜂 𝑒 / cos(𝑘𝑦 − 𝜔𝑡) 

 

(4.6) 
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where, 𝜂  is the maximum sea level at the coast. CSWs are ubiquitous features on 

continental shelves globally, which contribute to low-frequency variability in the ‘weather 

band’ with period between 5 and 15 days (Huyer, 1990). Tang and Grimshaw (1995) showed 

that the response of coastal waters to TCs was mainly in the form of low mode CSWs.  

Edge waves are long gravity waves over a sloping beach that are trapped near the coast 

by refraction (LeBlond and Mysak, 1978). After a storm makes landfall, coastal sea levels, 

which oscillate rapidly over several hours, are defined as edge waves (Munk et al., 1956). These 

waves generally have periods < 12 hours with an angular frequency higher than the local inertial 

frequency (Figure 4.2) and are also known as super-inertial coastally trapped waves. Edge 

waves are bi-directional, so they can propagate in either direction after TC landfall (Figure 

4.1b). The dispersion relationship for an edge wave is shown as follows ( |𝑓| =

0 in equation 4.5):  

 

Figure 4.2. Schematic of the dispersion relations for CTW. The dispersion curves are labelled by mode number 

n. (Adapted from Huthnance, 2009). 

 

 𝜔 = (2𝑛 + 1)𝑔𝛼𝑘 

 

(4.7) 
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The water surface elevation due to edge waves, 𝜂
𝐸

 , is given by (Özkan‐Haller et al., 

2001): 

where an is the shoreline amplitude of the mode n edge wave, and Ln is the Laguerre 

polynomial of order n.  

Edge waves with wave height >1.5 m were observed along the coast of Florida 

subsequent to the landfall of Hurricane Wilma in 2005 (Yankovsky, 2008) and confirmed 

through numerical simulations (Yankovsky, 2009). 

Many numerical studies have examined the influence of storm characteristics (intensity, 

size and translation speed) on the primary storm surge, forerunner, edge and continental shelf 

waves (Zhang and Li, 2019).  Using numerical simulations, Liu and Irish (2019) quantitatively 

demonstrated that slow-moving, large, intense storms were likely to generate a higher 

forerunner. The numerical model given by Fandry and Steedman (1994) indicated the upstream 

propagation of an edge wave was generated by TC with a translation speed of 10 ms-1 that 

crossed the shoreline perpendicularly. Yankovsky (2009) found that varying translation speeds 

of a TC generated different types of long waves, including edge waves and continental shelf 

waves. The response of long waves to a TC approaching perpendicularly to the coast was 

comprehensively studied by Ke and Yankovsky (2011). They pointed out that properties of 

these waves, such as wave period, modal structure and heights, were dependent on TC 

translation speed, storm size and shelf width. 

The Australian North West Shelf (NWS) is characterised by a wide (~ 200 km) shallow 

shelf in the east and a narrow (< 20 km) shelf in the west (Figure 4.3). The region experiences 

one of the largest global tidal ranges on a continental shelf, with a maximum tidal range of  ~10 

 𝜂 = 𝑎 𝐿 (2𝑘𝑦)𝑒 cos(𝑘𝑦 − 𝜔𝑡) 

 

(4.8) 
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m at Broome and decreasing to ~3 m at North West Cape. The inertial period is around 34.6h 

at Port Hedland. Australian NWS is a hotspot for tropical cyclones (TCs) in the Indo-Pacific 

region (Haigh et al., 2014). Generally, TCs are formed in the warmer waters of the Timor Sea, 

then travel south-westward into the NWS region during the austral summer (December-April), 

with an annual average of five cyclones impacting the region. There are many different TC 

tracks, which include coastal-parallel and landfall paths.   

Few publications about storm surge dynamics, including forerunner, continental shelf 

waves (CSWs) and edge waves along the Australian NWS, have been conducted.  Having 

 

Figure 4.3. (a) Map of Western Australia showing tide gauge sites; (b) Map of Australian North West Shelf 
showing two cyclone tracks Olivia April 1996 and Monty February 2004. The colour bar presents translation 
speed.  Magenta lines in (a) and (b) show 200m isobath. 
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interpreted data of 8 TCs in NWS, Hopley and Harvey (1976) concluded that the forerunner 

could account for 50% of the surge and suggested that its generations may involve mass 

transport in the form of an ocean current radiating from the cyclone. Observational studies 

(Eliot and Pattiaratchi, 2010; Webster, 1985) as well as numerical model (Tang et al., 1997), 

proved that coastal variations in NWS in response to TCs were in the form of low mode CSWs. 

The numerical model given by Fandry and Steedman (1994) showed that an edge wave 

propagated northward to Broome was generated as a perpendicular TC crossed the shoreline 

near Port Hedland with a translation speed of 10 ms-1. Previous studies have focused on an 

individual component, so storm surge dynamics in the study area remain unclear. The aim of 

this Chapter is to examine the influence of the translation speed of TCs on the generation and 

characteristics of the forerunner, edge waves and continental shelf waves from a TC travelling 

perpendicular to the shoreline. This was achieved through analysis of tide gauge records and 

numerical simulations on the Australian North-west shelf. 

This Chapter is organised as follows.  Section 4.3 presents coastal sea level analysis and 

model setup. The results are present in Section 4.4, followed by the discussion in Section 4.5.  

The conclusions are shown in Section 4.6.  

4.3 Data and Methods 

4.3.1 Sea level measurements and analysis 

Sea level data, a 15-minute sampling period, from Exmouth (EX), Onslow (ON), King 

Bay (KB), Cape Lambert (CL) to Port Hedland (PH), were provided by the Western Australian 

Department of Transport (Figure 4.3).  The data at Broome (BR) were obtained from the 

University of Hawaii Sea Level Center (Caldwell et al., 2015) with a sampling interval of 1 

hour. The tracks of two tropical cyclones that occurred during April 1996 (Olivia) and March 

2004 (Monty) were provided by the Australian Bureau of Meteorology 
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(www.bom.gov.au/cyclone). The locations of central pressure (longitude and latitude) were 

used to estimate the translation speeds of the two tropical cyclones. The wind fields during the 

two TCs were taken from the ECMWF atmospheric reanalysis (ERA5) (Hersbach et al., 2020). 

Initially, all the data were transformed to a common sampling interval of one hour and 

were subjected to harmonic analysis to separate tidal signals and the residual.  This was 

undertaken through the application of t-tide program in MATLAB (Pawlowicz et al., 2002). 

The low-passed sea levels were obtained by applying a Butterworth filter with 40-hour cut-off 

to the residual time series. Through this approach, the high-frequency signals together with tidal 

periods were removed, leaving the long-period signals (with periods > 40 hours) that were used 

to analyse the features of the forerunner and the continental shelf waves. 

Previous studies had indicated that the periods of edge waves generated by tropical 

cyclones were generally < 10 hours (Munk et al., 1956; Yankovsky, 2008; Pasquet et al., 2013). 

Hence, a high-passed filter with a 12-hour cut-off period was applied to the residual time series. 

The 12-hour cut-off period was selected to further suppress leakage of semi-diurnal energy 

found in the residual time series that was not fully removed by harmonic analysis, particularly 

at Port Hedland and Broome where tidal range was > 8 m.  

Morlet wavelet transform was applied to the 12-hour high-passed time series. After 

landfall, a cyclone creates numerous non-stationary signals so that classical Fourier transform 

provides an inaccurate and inefficient method of time-frequency localisation (Torrence and 

Compo, 1998). As a result, wavelet analysis, which is a variable-sized window technique 

including both low-frequency and high-frequency information, was used (Emery and Thomson, 

2001). Parameters of edge wave such as period, peak energy, and arrival time were determined 

by the time corresponding to the maximum wavelet energy at each station. 
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4.3.2 Numerical model setup 

Numerical simulations were undertaken using the Regional Ocean Modelling System 

(ROMS) (Shchepetkin and McWilliams, 2009, 2003) to examine the dynamics of the storm 

surge generated by a shore normal TC track with different translation speeds. The focus was on 

two stages: (1) build-up as the TC approached the coast; and, (2) relaxation phase as the TC 

made landfall and moved inland.  

The numerical model grid covered the Australian North West shelf (Figure 4.4), 

extending 1200 km along-shore and 800 km offshore. The 2 x 2 km horizontal resolution of the 

model was chosen to represent the complex topography along the shelf break. The vertical 

coordinate was discretised using 20 sigma layers. The grid transformation and stretching 

parameters were selected to ensure higher resolution at the surface. 
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Bathymetry for the model grid was derived from the Australian Geoscience dataset with 

a resolution of 250 m (Whiteway, 2009). It was modified to avoid horizontal pressure gradient 

errors using Beckmann and Haidvogel number, rx0 being 0.15, and the Haney number, rx1 

being 5.4 (Sikirić et al., 2009). 

The grid consisted of one closed boundary and three open boundaries. At open 

boundaries, we used the Chapman condition for free surface elevation and radiation condition 

for 2D currents (Flather, 1976; Chapman, 1985). In order to avoid instability due to reflected 

waves at artificial boundaries, a sponge layer adjacent to each open edge was added. The 

horizontal viscosity sponge factor was increased linearly from 1 m2s-1 in the interior to 5 m2s-1 

 

Figure 4.4. Map of Australian Northwest shelf presenting numerical model bathymetry. The green dashed line 
denotes cyclone track, while the magenta line shows 200m isobath. 
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at the boundaries. To determine optimal initial state and boundary conditions for the model, we 

applied a horizontally uniform but vertically varying sea temperature as the following equation: 

where z is water depth (m), T is sea temperature (0C). To determine the coefficients in 

Equation 4.9, we used ARGO data and least square method. The salinity was constant for the 

whole domain, S=34.7. While performing the model, we considered the density driven current. 

On NWS, this kind of current is mainly modulated by temperature but not salinity. As a result, 

we included the variability of temperature at initial state and at boundary conditions. 

Tropical cyclone winds and pressure fields were created using the model proposed by 

Holland et al. (2010). The atmospheric pressure at a radial distance from the central cyclone is 

given by 

where 𝑃  is the surface pressure at radius r; 𝑃  is the central pressure; ∆𝑝 is the pressure 

drop from external pressure to central pressure in hPa; R is the radius of maximum wind; r is 

the radius from cyclone centre to grid points; and b is a scaling parameter that defines the 

proportion of pressure gradient near maximum wind radius.  

Using Equation (4.10), the gradient wind 𝑉  at a nominal height of 10 m, which is a 

balance between the pressure gradient, the Coriolis force and the centrifugal force, is computed 

as follows:  

 

𝑇(𝑧) = −0.01373

+ 17.8655𝑒 .
.

× 0.1678 + 0.12375𝑡𝑎𝑛ℎ
𝑧

319.6
 

 

(4.9) 

 
 

 𝑃 = 𝑃 + ∆𝑝 𝑒 ( )  

 

(4.10) 

 

 𝑉 = 𝑉
𝑅

𝑟
𝑒  

 

(4.11) 
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where Vms  is the maximum wind speed at a nominal height of 10 m; and parameter bs 

is related to the original b. Based on empirical derivation, we set bs=1.6b (Holland, 2008). The 

variables bs, x, and Vms are as follows: 

where    is the intensity change by time; 𝜑  is the absolute value of latitude in 

degrees; 𝑣  is translation speed of the cyclone in ms-1; 𝜌 is density of air in kgm-3. 

To present more realistic vortex winds, we applied the inflow angle correction β in 

degree, representing the cross-isobaric flow induced by surface friction (McConochie et al., 

2004). 

 

The wind stresses are obtained from wind speed by using the quadratic drag law: 

Where 𝜌 is density air, 𝐶  is a drag coefficient, and 𝑊  is the wind speed at 10m above 

sea level. Following Hwang (2018), the drag coefficient is: 

  
 

 

 

 𝜏 = 𝜌𝐶 𝑊   (4.14) 

 

 
β =10  R < r 

 

(4.13) 

 

𝛽 = 75 − 65  R<= r <1.2R 

β = 25 1.2R <= r 

 𝑏 = −4.4 × 10 ∆𝑝 + 0.01∆𝑝 + 0.03
𝜕𝑝

𝜕𝑡
− 0.014𝜑 + 0.15𝑣 + 1  

 𝑥 = 0.6 1 −
∆𝑝

215
 

 

(4.12) 

 

 𝑉 =
100𝑏

𝜌𝑒
∆𝑝

.
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The simulation of the synthetic tropical cyclone (STC) in the model set up was as 

follows. Initially, the cyclone was located outside the northwest boundary at ~150 km from the 

coast with the model domain set at zero state (sea level=flow=0) to avoid ringing effects (Figure 

4.4). Allowing for a 24-hour period for linear spin up, the STC approached the coast at a 

constant translation speed. After landfall, the cyclone continued to move inland before spinning 

down at a location ~ 150 km away from the southeast boundary (Figure 4.4). The translation 

speeds for each model run was changed from 2 to 14 ms-1 at 2 ms-1 intervals. In the model, the 

central pressure was set to 950 hPa (similar to TC Monty), the radius of maximum wind was 

20 km, giving the maximum wind speed ~51 ms-1. The radial distribution of atmospheric 

pressure and gradient winds are shown on Figure 4.5. In all simulations, both atmospheric 

pressure and wind stress were included as input forcing.  

𝐶  =10-4(-0.016𝑊 + 0.967𝑊 + 8.058) 𝑊 ≤ 35 ms-1  

(4.15) 

 𝐶  =2.23×10-3×35/𝑊  𝑊 > 35 ms-1 

 

Figure 4.5. Radial distribution of a) atmospheric pressure and b) gradient wind. Zero distance represents the 
central of the cyclone. 
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4.4 Results 

4.4.1 Observations 

Sea level records at five stations spreading over 1200 km were obtained during TC 

Monty (in 2004) and TC Olivia (in 1996). Both TCs made landfall between Onslow and King 

Bay (Figure 4.3). In the 12 hours prior to landfall the translation speeds of TC Monty and TC 

Olivia were 2.4 ms-1 and 7.5 ms-1, respectively. There were significant differences between the 

paths of the two cyclones. TC Monty was mainly over the continental shelf (in water depths < 

200m), whilst TC Olivia was in water depths > 200 m before approaching the coast (Figure 

4.3). TC Monty and TC Olivia made landfall at 1500 UTC on 1 March 2004 and 1200 UTC on 

10 April 1996, respectively. The central pressure of TC Monty and TC Olivia around the 

landfall were 960 hPa and 930 hPa, respectively. The max wind speed of 408 kmh-1 recorded 

at Barrow Island during TC Olivia is the strongest winds wind gust ever recorded globally to 

date (Courtney et al., 2012). 

The initial shore-parallel path of TC Monty resulted in a gradual increase in mean sea 

level from Port Hedland to Onslow that can be identified as the forerunner (Figure 4.6a). In the 

case of Monty, the magnitude of forerunner was similar to that of primary surge; therefore, it 

was essential to distinguish two processes based on maps of wind fields and time of landfall 

(1500 UTC on 1 March 2004). Two days prior to landfall, the alongshore wind component was 

the main forcing, which lifted up coastal surge through Ekman set-up (Figure 4.7a, b). After 

1500 UTC on 29 February, the surge from Port Hedland to King Bay was identified as direct 

storm surge (Figure 4.6a) because  wind set-up and wind set-down were the main forcing 

(Figures 4.7c, d, e).  
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To assess the influence of translation speed of a TC on magnitude of forerunner, we 

compared the forerunner during TCs Monty and Olivia. We took King Bay tide gauge as an 

example. The magnitude of forerunner at King Bay during TC Monty (Figure 4.6a) which 

recorded one day prior to landfall was 30 cm, whilst that during TC Olivia (Figure 4.6b) was 

merely 20 cm. As expected from theory (Equation 4.4), the slow-moving TC Monty may result 

in strong current over the shelf, leading to the stronger forerunner. Based on observations, it 

can be inferred that translation speed of a TC has a great influence on the magnitude of 

forerunner.  

 

Figure 4.6. Sea level variations during: (a) TC Monty in 2004; and, (b) Olivia in 1996. Black lines denote 
residual levels, whilst red lines present 40h low-passed levels. Magenta lines indicate time of landfall. Black 
dots show timing of two days prior to landfall. Black arrows present southward movement. The horizontal 
dashed lines are the zero residual lines. 
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Figure 4.7. Wind fields during TC Monty 2004. Wind speed is presented by colour shading, and wind direction 
is shown by vectors. Minus signals show time before landfall, while plus signals show time after landfall. The 
landfall time was 1500 UTC on 1 March 2004. The magenta dashed line illustrates the 200m contour. 
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CSWs were generated during TCs Monty and Olivia. After the landfall, when winds 

relaxed (Figure 4.7g, h), there were consistent lags in the troughs between Carnarvon and 

Fremantle, shown by black arrows, which indicated the propagation of free CSWs (Figure 4.6). 

Cross-correlation analysis showed that the correlation coefficients between sub-tidal sea levels 

at Geraldton and Fremantle were larger than 0.6 during the two TCs despite the length distance 

being around 370km apart (Figure 4.8).  The slope of black dashed lines between Geraldton 

and Fremantle, shown in Figure 4.8, presents the phase speed of CSWs being ~5.1 ms-1 during 

the TCs Monty and Olivia. It should be noted that the phase speed of CSWs slowed down at 

Geraldton, where shelf width is narrowed (Figure 4.3a), showing the natural characteristics of 

CSWs in which the phase speed of CSWs scales with the shelf width.  It is interesting to 

compare the magnitude of CSWs recorded at the same site on the propagation, while the tracks 

were similar during TCs Monty and Olivia. The height of CSW at Fremantle was 12cm and 

32cm during TCs Monty and Olivia, respectively (Figure 4.6), while the intensity of TC Monty 

around landfall was lower than that of TC Olivia. This implies that the magnitude of free CSWs 

is mainly dependent on the intensity of TCs.  

 

Figure 4.8. Cross-correlation between sub-tidal sea levels at various sites given on the right axis and Fremantle 
during TCs Monty and Olivia. The uppercase letters present initial name of tide gauge, Carnarvon (C), 
Geraldton (G), Jurien Bay (J) and Fremantle (F). The slope of black dashed lines show phase speed of CSWs.  
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Although tidal signals had been removed through tidal analysis, residual levels at 

Broome still contained semi-diurnal tidal signals (Figure 4.6a, b), which may be attributed to 

tide/surge interaction. When tidal waves propagate from deep oceans to shallow waters, their 

arriving time is dependent on water depth (Pugh and Woodworth, 2014). During TCs with 

strong forces, the timing of actual low/high water would be shifted in relation to predicted 

timing of low/high water due to change in water depth.  Therefore, as the residual levels 

(observed levels minus predicted tides) are calculated, a component of the tidal energy is 

available in the residual time series (Wijeratne et al., 2012).  

Unlike the slow-moving and medium-intensity TC Monty, the fast translation before 

landfall, strong intensity TC Olivia favoured generating edge waves. TC Olivia made landfall 

at 1200 UTC 10 April between King Bay and Onslow, resulting in a first peak of sea level at 

King Bay (Figure 4.9a). Around 7 hours later, when the cyclone moved inland and winds were 

weaker, the surge reached the second peak and continued to propagate northward (Figure 4.9a). 

The presence of a free edge wave propagating from King Bay to Broome, the so-called upstream 

edge wave, was evident in the wavelet time-spectral diagram (Figure 4.9b). This wave, which 

 

Figure 4.9. Edge wave during TC Olivia 1996: (a) time series of 12h high passed filtered data, magenta line 
shows time at landfall; (b) wavelet transforms; (c) the diagram of arrival time and alongshore distance 
represents propagation of upstream edge wave, asterisks are arrival time identified at peak power in b. 
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had a dominant period of less than 10 hours, was characterised by the local shelf profile because 

its period varied along the shelf for each site. The linear regression in the diagram of arrival 

time and alongshore distance in Figure 4.9c indicated that an observed phase speed of the wave 

Cup was ~10 ms-1. Given a slope on NWS α= 6.6*10-4, assuming that the wavelength L was 

150km, Equation 4.7 yielded the phase speed of zero mode edge wave 12.4 ms-1, which was 

reasonably consistent with the observed value.  This means that only the zero mode contributed 

to the formation of the observed edge wave.  

4.4.2 Numerical simulations 

Previous sections in this Chapter examined the forerunner, edge waves and CSWs 

generated by TCs that crossed the coast perpendicularly using observed sea levels. In this 

section, we examine the effects of changing translation speeds on the sea level/current using 

numerical modelling using ROMS (Section 4.3.2).  

A tropical cyclone, crossing the coast, is expected to generate non-tidal water level 

(‘storm surge’) changes that include a combination of forerunner, primary surge (wind and 

pressure set-up/set-down), edge waves and CSWs. Example of a TC crossing the coast to the 

east of Port Hedland, with translation speed of 6 ms-1, indicated that 12h before landfall the TC 

was ~ 300 km offshore and the combination of alongshore currents and the Coriolis force 

(Figure 4.1 and equation 4.4) created a forerunner along the whole coast (Figure 4.10a).  As the 

cyclone crossed the coast, the wind stress and atmospheric pressure change generated the 

primary surge of 2.73 m, 20 km to the left of the TC track (Figure 4.10b). Subsequent to TC 

making landfall, coastal sea levels decreased rapidly to negative values and then a series of 

oscillations were generated that was identified as edge waves. The edge wave propagating 

upstream was evident from Port Hedland to Broome, whilst the downstream edge wave (from 
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Port Hedland to Exmouth) was less evident because it may have been be partially obscured by 

the CSW (Figure 4.10c). 

  The ROMS model was used with an identical set-up with different translation speeds 

of the TC ranging from 2 to 14 ms-1. For each simulation, the height of forerunner was measured 

at Port Hedland 24 hours prior to TC landfall. Meanwhile, the height of the CSW was defined 

as the maximum water level at Onslow (~400 km downstream of TC landfall). The properties 

of the edge waves were determined at upstream (from Port Hedland to Broome) and 

downstream (from Port Hedland to Exmouth) sites, located ~400 km from the landfall location. 

 

Figure 4.10. Sea level (solid contours) and sea surface currents (vectors) during a translation speed of 6 ms-1. 
Plots represent: (a) 12h before landfall; (b) landfall; (c) 12h after landfall; and, (d) 72h after landfall. Dashed 
green line denotes the cyclone track, whilst dashed magenta line shows the 200 m isobath. 
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The height of CSW and edge waves were defined as the crest to trough through vertical 

distance. 

The variation of the periods of coastally trapped waves (CSW and edge waves) and 

translation speeds is shown on Figure 4.11. For lowest TC translation speed 2 ms-1, the period 

CSW was ~86 hours but the CSW was not well defined at Onslow. Theory indicates that the 

CSW periods are defined by bathymetry. For TC translation speeds 4-6 ms-1, the CSW period 

was ~50 hours (Figure 4.11a). For TC translation speeds > 6 ms-1, a CSW was not generated. 

Edge waves were generated for TC translation speeds > 4 ms-1 with the periods being almost 

constant (Figure 4.11b). The period of downstream edge waves was almost constant at 5.2 hours 

corresponding to a forward speed between 6-14 ms-1 whilst the upstream period was slightly 

higher at 8-9.5 hours (Figure 4.11b). The difference between the periods of upstream and 

downstream edge wave was due to changes in the local width of the shelf. 

The maximum wave height of the forerunner corresponded to the slowest TC translation 

speed (Figure 4.12a).  This is because a lower TC translation speed allows for a higher Ekman 

set-up as there is more time for the equilibrium to be established (equation 4.4). In contrast, a 

 

Figure 4.11. Diagrams of translation speed and periods. a- shelf wave periods, b- edge wave periods. Upstream- 
wave travelling to Broome (the north), downstream: Wave travelling to Exmouth (the south). 
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higher TC translation speed (> 6-14 ms-1) does not allow for the generation of a forerunner 

(Figure 4.12a). As the TC translation speed increased from 2-6 ms-1 the height of the forerunner 

decreased from > 0.50 m to < 0.20 m. 

Although the TC translation speed was changed, the wave height of CSWs was 

relatively constant. In the model the central pressure and thus the winds associated with the TC 

were unchanged. Although changes in the TC translation speed would have contributed to the 

wind stress, these changes were negligible.  

The edge waves were generated when TC translation speeds > 4 ms-1 and the wave 

heights increased with increasing TC translation speeds (Figure 4.12b). The wave heights of 

the upstream propagating waves were almost factor 2 higher than that propagating downstream.      

4.5 Discussion 

The study region, the Australian North West Shelf, experiences on average 5 tropical 

cyclones (TC) of which two typically cross the coast during the austral summer (Haigh et al., 

2014). This chapter used observed sea level data together with numerical simulations to 

 

Figure 4.12. As Figure 4.11 but for wave height. 
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examine the influence of TC translation speed on the generation and features of forerunner and 

coastally trapped waves (CSWs and edge waves). Observed sea levels were associated with TC 

Monty (2004) and TC Olivia (1996), whose tracks were almost identical prior to making 

landfall at the same location but had different TC translation speeds (Figure 4.3b). Analysis of 

observational data during these two TCs showed that the slow-moving TC Monty generated a 

forerunner and a CSW (Figure 4.6), whilst the faster moving TC Olivia generated both upstream 

and downstream propagating edge waves (Figure 4.9). To examine these observations further, 

numerical simulations of a synthetic tropical cyclone crossing perpendicular at Port Hedland 

with different translation speeds were undertaken using ROMS. The results of the numerical 

simulations confirmed the observations revealing that the wave heights of the forerunner and 

edge waves were related to TC translation speed whist that of CSWs was independent on the 

TC translation speed (Figure 4.12). The results indicate that a translation speed of ~6-8 ms-1 is 

the defining translation speed that control the generation of forerunner and coastal trapped 

waves (Figures 4.11, 4.12). When the translation speed was <  8 ms-1, the forerunner and CSWs 

were dominant in the coastal response. TC Olivia had a translation speed of 7.5 ms-1 and 

generated a CSW (Figure 4.6b). Also Tang and Grimshaw (1995) showed that for a TC 

translation speed of 5.5 ms-1, a mode 1 CSW was generated whilst for TC translation speeds > 

6 ms-1, edge waves were generated. Similarly, Fandry and Steedman (1994) found that a TC 

crossing shoreline at Port Hedland with a translation speed of 10 ms-1 generated an upstream 

propagating edge wave. 

The results from this study are similar to the numerical simulations reported by Ke and 

Yankovsky (2011) in the Gulf Mexico with shore normal crossing TCs with a radial wind field. 

While this study examined the actual topography and variation in the TC translation speed, Ke 

and Yankovsky (2011) used an idealised two step topography and also changed the radius of 

the wind field (equation 4.10) and the width of the continental shelf. Ke and Yankovsky (2011) 
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found that CSW dominated the sea level response under lower TC translation speeds (i.e. 

similar to this study) and on narrower continental shelves. The edge waves typically contained 

higher wave heights with the upstream propagating edge waves having increased wave height 

and faster phase speeds. These are similar to the results from this study. However, Ke and 

Yankovsky (2011) found that the TC translation speeds had to be > 10ms-1 for the generation 

of edge waves in contrast to the 6 ms-1 in this study. This is most likely related to the different 

topographic conditions between the two studies. Observations by Munk et al. (1956) and 

Redfield and Miller (1957) showed that the periods of edge waves measured at Atlantic City 

and Sandy Hook during three hurricanes were around 6 and 7 hours, respectively. Here, the 

shelf width at Atlantic City was narrower than at Sandy Hook. Similarly, the numerical results 

of  Ke and Yankovsky (2011) indicated that an increase in shelf width from 100 km to 300 km 

correlated positively to an increase in the edge wave periods from 5 to 11 hours. The results 

from this study support these findings with the period of the downstream edge wave (from Port 

Hedland to Exmouth) was 50% of the upstream edge wave (from Port Hedland to Broome) in 

the presence of an increasing shelf width from west to east (Figure 4.11b). 

Although this study is limited to the Australian north-west shelf, the TC generated 

CSWs travel very large distances, > 4500 km (Eliot and Pattiaratchi, 2010). Both TCs Monty 

2004 and Olivia 1996 crossed the shoreline on NWS, and generated CSWs that propagated 

along the WA coast to Fremantle and beyond (Figures 4.3 and 4.6). The CSW generated by TC 

Olivia extended to the southern coast of Australia to Albany, > 2000 km from the landfall point 

(Eliot and Pattiaratchi, 2010).  

Many studies concentrate on the primary surge that occurs close to the time of TC and 

within the scale of the strongest winds (Irish et al., 2008; Rego and Li, 2009; Zhang and Li, 

2019). Results from the present study indicated that in response to a TC making landfall, storm 
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surge or non-tidal change in the water level has much larger temporal and spatial scales. The 

forerunner is generated 2-3 days prior to TC landfall and can influence shorelines > 500 km 

(Figure 4.6a). Similarly, edge waves, formed due to a fast-moving TC’s occurred several hours 

after the landfall and persisted for 1-2 days. They travelled up to 700 km along the coast (Figure 

4.9). During the two TCs Monty and Olivia, the CSW propagated to Fremantle (~1500km from 

the landfall location) with the effects persisting up to 10 days after the landfall (Figure 4.6). 

Thus, when examining water levels changes due to the action of TC’s wider temporal and 

spatial scales needs to be recognised. 

In the context of global warming, the forerunner is expected to play an important role 

in coastal hazards. Kossin (2018) showed that TC translation speeds has decreased globally 

over the period 1949-2016, indicating that the occurrence of forerunner is likely to be more 

frequent at present compared to the past. In agreement with Liu and Irish (2019), we confirmed 

that decreasing translation speed resulted in higher forerunner surge (Figure 4.12a), which in 

turn may cause heavier flooding in low-lying coastal areas. Indeed,  Rego and Li (2009) showed 

that a slow cyclone yielded 49% higher flooded volume compared to a fast-moving cyclone.  

4.6 Concluding remarks 

This study investigated the dynamics of storm surge generated by tropical cyclones 

making landfall perpendicular to the coastline along the Australian North West shelf using both 

tide gauge observations and numerical simulations. In particular, we examined the effects of 

changing TC translation speed of a tropical cyclone on the generation of the forerunner, edge 

waves and CSWs and reached the following conclusions:  

 Observations from tide gauge measurement during TCs Olivia and Monty  and numerical 

simulation indicated that a tropical cyclone with a lower translation speed (< 6 ms-1) was 
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more favourable for the generation of a forerunner and CSW whilst a higher TC 

translation speeds (> 8 ms-1) was more likely to form edge waves.  

 The upstream propagating edge waves had wave heights double of those propagating 

downstream. The period of edge waves was dependent on local shelf width.  
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  Tropical lows, continental shelf waves and 

topographic interactions along the Australian North West Shelf 

5.1 Summary 

The Australian North West Shelf (NWS) is a global hot spot for the occurrence of 

tropical cyclones (TCs) and has the highest number of landfalls in the southern hemisphere, 

with an annual average of five cyclones. Storm surges caused by TCs at the NWS are well 

known to pose a risk for coastal communities; however, a lesser known effect of TCs is the 

generation of continental shelf waves (CSWs), which propagate poleward and influence 

oceanic dynamics many thousands of kilometres away. Although previous studies found that 

higher sea levels and strong currents were associated with CSWs generated by severe TCs on 

the NWS, the CSW amplification induced by tropical lows (TL) has received little attention. In 

addition, interaction between CSWs and topographic irregularities around Barrow Island has 

not been reported in the literature. This paper examined: (1) the amplification of CSWs induced 

by the low-pressure disturbances; and (2) the effects of the topographic irregularities of Barrow 

and Montebello islands on sea levels and currents. We combined analysis of observational data 

during the two TLs in 2017 (14U in January and 15U in February) with numerical simulations 

using the Regional Ocean Modeling System (ROMS). The parallel TL 14U track, with a mean 

translation speed of 6 ms–1, was close to a theoretical CSW group speed that generated an 

amplified CSW via a resonant condition with maximum wave height and alongshore currents 

being 0.55 m and 0.5 ms–1, respectively. The generation and propagation of the CSW induced 

by TL 14U were simulated successfully using ROMS. When the CSW interacted with Barrow 

Island, the sea level between the island and the coast was increased due to the shallow water, 

which acted as a topographic barrier. The predicted currents to the north of Montebello Islands 

were strong (~1.2 ms–1) due to a combination of direct wind stress, CSW propagation and the 
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topographic effect. This paper highlights that the magnitude of the CSW was dependent on the 

track and translation speed of the storm systems, in addition to the storm systems’ intensity. 

5.2 Introduction 

Coastal sea level and current variability occurs over a range of timescales, ranging from 

seconds to centuries (Pattiaratchi, 2011). The action of the wind on the sea surface generates 

surface gravity waves with periods of the order of 10s and plays a major role in defining coastal 

processes. Infra-gravity waves with periods of 30–300 s influence oscillations in semi-enclosed 

basins, such as ports and harbours. Globally, the astronomical forces of the sun and the moon 

result in semidiurnal and diurnal tidal species, as well as tidal modulations with periods of up 

to 18.6 years. In many regions, the effects of the tides dominate the water level variability; 

however, in regions where the tidal effects are small, other processes also become important in 

determining the local water level. These processes include seiches, tsunamis, storm surges, 

coastally trapped waves, seasonal and inter-annual variability. 

For countries located in tropical and sub-tropical regions, a common natural hazard 

results from storm systems and is referred to as a tropical cyclone (TC), hurricane, and typhoon, 

depending on the study location (we use the term tropical cyclone here, as the study is located 

in Australia). These storm systems are associated with strong winds and rainfall, which lead to 

severe damages to coastal infrastructure and endanger lives in coastal regions as well as inland. 

The combined action of higher water levels and surface gravity waves during tropical cyclones 

results in severe damage to shorelines through coastal inundation and erosion (Dolan and Davis, 

1994). Under climate change, it is expected that the severity and frequency of storm systems 

will increase (Knutson et al., 2010). Recent notable storms include: typhoon Haiyan in 

Philippines; typhoon Doksuri in Vietnam; TCs Kyarr and Gonu in the Arabian Sea; hurricanes 

Sandy, Katrina, and Harvey in the US; and hurricane Irma in the Caribbean (Trinh et al., 2020).  
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The non-tidal water level includes a variety of different physical processes depending 

on the location of the central low pressure (the ‘eye’) of the TC relative to the coast (Pattiaratchi 

et al., 2021). When the eye of the TC is far offshore and moving towards the coast, a gradual 

increase in coastal sea level occurs, through Ekman set-up which is referred to as a forerunner 

(Trinh et al., 2020). The forerunner has heights typically < 1 m and has been considered have a 

negligible contribution to the overall storm surge. However, the extraordinary forerunner 

generated by hurricane Ike in 2008 was responsible for widespread flooding commencing one 

day before landfall in the Gulf of Mexico (Hope et al., 2013; Kennedy et al., 2011). As the 

cyclone approaches the coast, the strong onshore winds, in combination with low air pressure, 

lead to the primary surge found on the right/left side of the track in the northern/southern 

hemisphere. The coastal ocean response to a cyclone landfall includes a generation of long 

waves covering edge waves and coastally trapped waves. Edge waves are high frequency, bi-

directional waves, which move along the coastline due to the refraction over a sloping bottom. 

They have periods of ~6 hours and are classified in the super-inertial frequency band (Munk et 

al., 1956; Yankovsky, 2008).  

Motions of sea levels and currents with periods from three days to two weeks (‘weather 

band’), a common feature of many shelf regions, can be attributed to the generation and 

propagation of sub-inertial coastal trapped waves (CTWs). They are formed primarily by the 

cross-shelf movement of water (Brink, 1991; Huyer, 1990). CTWs are unidirectional long 

waves travelling parallel to the shoreline, with maximum amplitude at the coast and decreasing 

exponentially offshore. CTWs may be classified as continental shelf waves (hereafter, CSWs) 

controlled by cross-shelf depth profile and internal Kelvin waves governed by vertically 

stratified density (Huyer, 1990). CSWs travel with the coast on the left (right) in the southern 

(northern) hemisphere; thus they travel anti-clockwise along the Australian continent. CSWs 

are considered both as ‘free’ waves (i.e. propagation independent of the forcing) and ‘forced’ 
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waves (i.e. propagation dependent of the forcing), with the latter occurring during resonance 

conditions (Pattiaratchi, 2020). CSWs were first reported by Hamon (1962), who discovered 

that there was a northward propagation of the sea level signal from Sydney to Coffs Harbour 

off the eastern Australian coast. Initially, CSW generation was thought to be attributed to 

atmospheric pressure variations (Robinson, 1964). However, it was widely accepted that the 

alongshore wind or current component was the dominant generating mechanism (Adams and 

Buchwald, 1969; Gill and Schumann, 1974). Properties of CSWs, such as wave amplitude and 

phase speed are dependent on alongshore topographic variations, the Coriolis parameter and 

shoreline curvature (Allen, 1976; Grimshaw, 1977). CSWs are recognized as an important 

contribution to the low-frequency motions along the continental shelves globally (Brink, 1991; 

LeBlond and Mysak, 1978; Mysak, 1980).  

Maximum response due to the frequency of an applied force being equal or close to a 

natural frequency of a system is known as resonance. Under resonant conditions, energy 

transfer from the atmosphere to oceans is at a maximum, with the oceanic variations higher 

than what would be expected. The most sub-inertial responses of the ocean to storms are in the 

form of CSWs, which contribute significantly to storm surge (Tang and Grimshaw, 1995). A 

typical example of CSW amplification was given by Morey et al. (2006), who found that the 

translation speed of hurricane Dennis (2005) was equal to the phase speed of a travelling wave, 

providing resonant conditions. Consequently, the amplified CSW caused the unexplained, 

anomalous storm surge along the Florida coast. Two factors result in CSW amplification: (1) 

where the translation speed of a shore-parallel storm and a wave’s propagation speed are similar 

or equal (Eliot and Pattiaratchi, 2010; Fandry et al., 1984; Pattiaratchi, 2020; Schumann and 

Brink, 1990); and, (2) when a slow-moving, large storm approaches the coast at a critical angle 

(As-Salek and Yasuda, 2001; Thiebaut and Vennell, 2011).  
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Flow past islands and headlands have received great attention in the literature because 

they have important implications in the fields of geomorphology, navigation and fishery 

through the Island Mass Effect (Su et al., 2021; Wolanski et al., 1996). Typical examples about 

island wakes in the vicinity of islands on continental shelves include Rattray Island (Wolanski 

et al., 1984), Lundy Island (Pattiaratchi et al. (1987), Rottnest Island (Alaee et al., 2007) and 

Santa Catalina Island (Caldeira et al., 2005). The nature of the wake in the lee of islands can be 

predicted using scaling arguments, such as the Reynolds number (Tomczak, 1988) and the 

island wake parameter P (Wolanski et al., 1984). In a comparison between remotely sensed data 

and theory, Pattiaratchi et al. (1987) concluded that values obtained for the island wake 

parameter P described observed wakes correctly. The parameter P is given by P=UH2/KzL, 

where U is velocity scale, H is the water depth, Kz is vertical eddy viscosity and L is the length 

of the island. For low values of P (<< 1), there is no eddy in the wake and potential flow exists 

(Alaee et al., 2007). For P ~1, the wake consists of a stable eddy pair. For P > 1, instabilities 

occur in the wake. For high values of P (>> 1), the wake consists of counter-rotating eddies, 

which form a vortex street (Wolanski et al., 1984).  

There have been few studies on the generation of CSWs induced by tropical cyclones 

(TCs) on the Australian North West Shelf (NWS), and the effects of CSW amplification on 

coastal sea levels and currents have received little attention. Webster (1985) concluded that the 

ocean current response to TCs in the NWS were mainly due to the mode 1 CSWs. This was 

confirmed by Fandry and Steedman (1989), who found that after the passage of TC Ian (1982), 

an anticlockwise eddy, which propagated south-westward, was the beginning of a CSW. In an 

effort to advance an understanding of TC-driven currents, Hearn and Holloway (1990) 

numerically simulated the vertical variation in currents during TC Ian. However, their model 

did not capture the strong currents observed at Rankin and Gorgon (off Dampier—Figure 5.1) 

located far away (more than 300 km) from the landfall of TC Jane (1983) (east of Port Hedland). 
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This prompted Tang et al. (1997) to examine the mechanisms for the generation of CSWs during 

TC Jane. Based on observations and a 2-D numerical model, they suggested that storm surge 

currents off Dampier interacted with the passage of the CSW. Together, these studies indicated 

that the low-frequency oceanic response to severe TCs in NWS was in the form of CSWs. 

However, these publications did not report on amplified CSWs generated by the tropical lows. 

In addition, the effects of topographic irregularities in the vicinity of Barrow Island on coastal 

sea levels and currents, as well as seiches on the NWS, have not been addressed in any studies. 

Therefore, the aims of this study were to investigate: (1) the generation of CSWs through 

tropical lows; (2) the effects of the topographic irregularities of Barrow Island on low-frequency 

oscillations; and (3) the dominant periods of continental seiches on the Australian North West 

Shelf. To achieve these goals, a combination of field observations (coastal sea levels and 

currents) and numerical model simulations (using the Regional Ocean Modelling System—

ROMS) was used. 

This Chapter is organised as follows. The study area is described in Section 5.3, while 

data and methods are present in Section 5.4. Section 5.5 shows observational data analysis as 

well as numerical simulations, followed by discussion in Section 5.6. The conclusions are 

shown in Section 5.7.  

5.3 Study area 

The study area is Australian North West Shelf (NWS) (Figure 5.1). The width of the 

continental shelf, the distance between the shoreline and the 200m depth contour, varies 

significantly from north to south. In particular, width between Broome and Port Hedland is 

almost constant stable ~195 km and decreasing from Port Hedland to Barrow Island and 

decreasing to < 20 km at North West Cape (Figure 5.1).  The shelf bathymetry is generally 

uniform except in the vicinity of Barrow and Montebello Islands where several features are 
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present and include (Figure 5.1c): (1) broad shallower water east of Barrow Island, where the 

mean water depths are ~10 m; (2) very shallow between Barrow Island and the coastline, where  

mean depth is ~5m and a funnel shaped by the Island and the orientation of the shoreline; (3) 

the widening of the shelf southwest of Barrow Island, where the depth increases rapidly; and, 

(4) the topographic curvature around Montebello Islands which acts similar to a headland.  

NWS is a region of strong tides with a dominance of the principal lunar constituent 

(M2). Through analysis of coastal tide gauges, Holloway (1983) found that the amplitude of M2 

increased along the coast from North West Cape to Broome and attributed this pattern to three 

possible causes: (1) the widening shelf from North West Cape to Port Hedland; (2) an increase 

in shelf –edge tide from Port Hedland to Broome, where the shelf width is constant; and (3) 

local quarter wave resonance around Broome.  

 

Figure 5.1. (a) Map of Australian North West Shelf. Green asterisks denote tide gauge sites. The green and 
blue dashed lines correspond to TL 14U and 15U tracks respectively. The black dashed line presents the 200m 
contour; (b) Map of Port Hedland area shown by a black  dashed box in (a). The red dots show sites of current 
measurements; (c) Topography around the Barrow Island presented by a red dashed box in (a).    
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The Australian NWS is a hotspot for tropical cyclones (TCs) in the Indo-Pacific region. 

Generally, TCs are formed in the warmer waters of Timor Sea; they then travel south-westward 

into the NWS region during the austral summer (December-April), with an annual average of 

five cyclones impacting the region. Among a diversity of tracks, coastal-parallel and crossing 

tracks are common, providing a rich source for the generation of CSWs (Eliot and Chari, 2010). 

According to the Australian Bureau of Meteorology (BOM), tropical lows are named when they 

experience 10-min, 10-m sustained wind speeds less than 17 ms-1, spanning more than 50% of 

its active duration. 

5.4 Data and methods 

5.4.1 Observations 

Sea levels, currents and meteorological data covering the duration of ~40 days from 15 

January 2017 to 25 February 2017 were collected and analysed. Locations and information on 

the datasets are presented in Figure 5.1 and Table 5.1, respectively. The data were collected and 

provided by Pilbara Ports Authority (https://hydrotel.pilbaraports.com.au), except for the sea 

level record at Broome (Caldwell et al., 2015). Generally, the sampling intervals were either 5 

or 20 mins for sea levels and currents, respectively.  

Current measurements were acquired from Acoustic Doppler Current Profiles (ADCP). 

The bottom-mounted upward looking ADCP had  a sampling time interval of 20 minutes. The 

vertical bin sizes at BC2, B16 and B47 are 3m, 3m and 1.5m respectively. Site depths at BC2, 

B16 and B47 are 35m, 35m and 20m accordingly. Bad data above the bottom and near the 

surface due to side lobes effect had been removed through standard quality-control flags prior 

to conducting analysis.  
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The high frequency (10 min) atmospheric sea level pressure and wind data were 

obtained at BC2 (Figure 5.1b).  The tracks of two tropical low (TL) pressure systems, which 

occurred during January and February 2017, were provided by the Australian Bureau of 

Meteorology. These locations of central pressure (longitude and latitude) were used to estimate 

the translation speeds of the two systems. All times are based on Australian western standard 

time (AWST).  

To estimate the low-frequency coastal sea level signal at Broome, Port Hedland, 

Dampier and Ashburton (Figure 5.1), the sea levels were converted to a common sampling 

interval of 1 hour and were filtered to remove components with periods less than 36 hours that 

including the tidal signals using the 72-hour filter with half power point (Pugh, 1987).  

The current meter data from the Port Hedland region (Figure 5.1b) were resolved east 

(u) and north (v) components and re-sampled to hourly intervals. The component (u,v) time 

series were subjected to the same 72-hour filter (Pugh, 1987) as for the sea levels and then were 

rotated to principal axes to obtain alongshore and cross-shore components (Emery and 

Thomson (2001).  

Table 5.1 Sites and observational data used in the present study. 

Sites Longitude E Latitude S Data type Time sampling  

Broome (B) 122.217 -18 Tide gauge 60min 

Port Hedland (P)     

BC2 118.4406 -19.9936 

Tide gauge 5min 

ADCP 20min 

Wind 10min 

Air pressure 10min 

B16 118.5104 -20.1722 ADCP 20min 

B47 118.5762 -20.3045 ADCP 20min 

Dampier (D) 116.7296 -20.4353 Tide gauge 5min 

Ashburton (A) 115.049 -21.5242 Tide gauge 5min 
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5.4.2 Analytical model 

In addition to observational data, we used CTW program in which the method was 

outlined by Brink (1991) to delineate theoretical phase speed of the CTW. The model 

formulation for the Matlab version is found in Brink (2006).  The model required bathymetry 

and initial guess frequencies as input data. The shelf width between Broome and Port Hedland, 

which is wide and uniform, is ideal for CSW generation. As a result, cross-shelf bathymetry at 

Port Hedland was selected. Analysis of observed sea levels showed that during time 

investigation two remarkable peaks in the spectrum energy had periods of around 5 days and 

10 days (Figure 5.7a). These periods lie in the period range of CSW (Eliot and Pattiaratchi, 

2010), therefore we used the two values as initial guess frequencies in the model.  

5.4.3 Numerical model description 

The numerical modelling was undertaken using the Regional Ocean Modeling System 

(ROMS) which is three-dimensional, free surface, hydrostatic, terrain following “s” vertical 

coordinate system model solving the Reynolds-Averaged Navier-Stokes equations (RANS) 

(Shchepetkin and McWilliams, 2009, 2005). Here, we focused our attention on the simulation 

of the CSW generated by TL 14U in January 2017.  

The numerical model grid covered the Australian North West shelf (Figure 5.2) 

extending 1200 km alongshore, and 800 km offshore. The 2 x 2 km horizontal resolution of the 

model was chosen to capture in detail the uneven topography along the shelf break. The vertical 

coordinate was discretised using 20 sigma layers where grid transformation and stretching 

parameters were selected to guarantee higher resolution near the surface boundary. 

Bathymetry for the model grid was derived from the Australian Geoscience dataset with 

a resolution of 250 m (Whiteway, 2009) and was smoothed to avoid horizontal pressure gradient 
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errors using Beckmann and Haidvogel number, rx0 being 0.15, and the Haney number, rx1 

being 5.4 (Sikirić et al., 2009). 

The grid consisted of one closed boundary and three open boundaries. At open 

boundaries, we used the Chapman condition (Chapman, 1985) for free surface elevation and 

Flather type of radiation condition for 2D currents (Flather, 1976). In order to avoid instability 

generated due to reflected waves at the open boundaries, a sponge layer extending over a 

distance of ~30 km (15 grid points) was used. The horizontal viscosity sponge factor was 

increased linearly from 1 in the interior to 5 at the boundaries. To initialise the ocean model and 

to retain open boundary conditions in balance, we used a horizontally uniform but vertically 

varying sea temperature profile as the following equation: 

 

𝑇(𝑧) = −0.01373

+ 17.8655𝑒 .
.

× 0.1678 + 0.12375𝑡𝑎𝑛ℎ
𝑧

319.6
 

 

(5.1) 

 
 

 

Figure 5.2. Map of Australian Northwest shelf presenting numerical model bathymetry. The dashed green line 
denotes the TL 14U track, while the dashed magenta line shows 200m isobath. 
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Where z is water depth (m), T is sea temperature (0C). To determine the coefficients in 

Equation 5.2, we used ARGO data and least square method. The salinity was kept constant 

inside the whole domain, S=34.7.  

The model was forced with 0.250 resolution hourly wind and mean sea level pressure 

(MSLP) data from the ECMWF atmospheric reanalysis (ERA5) (Hersbach et al., 2020). Global 

reanalyses typical underestimate severe intensity tropical cyclones (Murakami, 2014). The 

forcing of TL 14U that was retrieved from ERA5 was similar to observed data (Figure not 

shown). As a result, it was sufficient to simulate a CSW response in the ocean. Tidal forcing 

was not included in the model.  

The wind stresses were obtained from wind speed by using the quadratic drag law: 

Where 𝜌 is density air, 𝐶  is a drag coefficient, and 𝑊  is the sea surface wind speed 

at a 10m level. Following Hwang (2018), the drag coefficient is: 

To verify the ROMS set-up, we compared observed sea levels/currents and model 

outputs. All time series data were post-processed the same way as observations (low-passed 

filtered with a cut-off period of 36 hour as mentioned in the subsection 5.4.1). The model skill 

was defined as (Willmott, 1981),  

 𝜏 = 𝜌𝐶 𝑊  

 

(5.2) 

𝐶  =10-4(-0.016𝑊 + 0.967𝑊 + 8.058) 𝑊 ≤ 35 ms-1  

(5.3) 

 𝐶  =2.23×10-3×35/𝑊  𝑊 > 35 ms-1 

 

 Skill =
∑|𝑋 − 𝑋 |

∑(|𝑋 − 𝑋 | + |𝑋 − 𝑋 |)
 

 

(5.4) 
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where X is the variable being compared to the time mean indicated with the overbar. Perfect 

agreement between observation and model corresponds to a value of one, while complete 

disagreement is presented by a value of zero.   

5.5 Results 

The spectrum of sea level at Port Hedland BC2 indicated energy at different bands from 

hours to ~10 days (Figure 5.3). The dominant peaks of spectrum were related to semi-diurnal 

and diurnal signals with the tidal range during spring tides being up to 8 m. A 3-10day band, 

which is defined the weather band, was attributed to atmospheric forcing and was related to low 

frequency oscillations.   

  

Figure 5.3. Power spectrum of sea levels at Port Hedland BC2 showing the distribution of energy from hours 
to the weather band (> days). 
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5.5.1 Events 

Time series covering the period from 15 Jan to 25 February 2017 enabled the 

identification of five separate events that were related to forcing and the response in the coastal 

currents (Figure 5.4). The focus is on Events 2 to 5, which will be discussed further in the next 

sections.   

Event 1 (17-25 January) was characterised by the Australian summer monsoon. The 

period was dominated by south-westerly winds with persistent speeds ~10 ms-1 with a 

decreasing tidal range with neap tides around 22 January (Figure 5.4a, d). This resulted in 

currents flowing to the east (Figure 5.4f). The beginning of Event 1 was associated with a spring 

tide; therefore, the tidal currents were dominant.  

Event 2 (27-30 January) was associated with TL 14U, which formed in the North of 

WA and travelled parallel to the shoreline (Figure 5.4a). The minimum air pressure measured 

at BC2 (Figure 5.4c) was 990 hPa and its track was 150 km from the shoreline (Figure 5.2c). 

The wind speeds reached ~20 ms-1 and the direction changed to easterly (Figure 5.4a, b). The 

coastal current response to TL 14U was such that there was a reversal in the currents in 

comparison to the monsoon wind driven currents to the north-east in Event 1. The occurrence 

of TL 14U at the beginning of the spring tide (around 29 January) contributed to a maximum 

total current speeds of 1 ms-1
.   

Event 3 (7-11 February) was linked to TL 15U, which formed near Broome, and then 

moved south-east to make landfall to the east of Port Hedland (Figure 5.2a). The wind was 

offshore from beginning of the event until 8 Feb 15:00 (AWST), then it changed suddenly 

onshore with a maximum speed of 18 ms-1. The event lasted for ~4 days (Figure 5.4c) and 

resulted in high frequency sea level oscillations (Figure 5.4d). 
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Figure 5.4. Meteo-Ocean conditions at Port Hedland- BC2; (a) wind speed, (b) wind direction, (c) air pressure; (d) sea level, e) current speed, f) current direction.  Magenta 
lines present Events referred in the text. HASB stands for height above sea bed. 
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It should be noted that current variability during Events 1 to 3 was mostly due to local 

atmospheric forcing related to monsoon winds or TLs. However, currents at upper layer (layer 

depth at 21.5 m above sea bed, the total depth at this site was greater than 30 m) reversed 

between Event 4 (17-19 February) and Event 5 (19-22 February) under calm wind and steady 

air pressure (Figure 5.4f). In addition, Event 5 experienced lower tides but north-eastward 

current reached a maximum of 0.85 ms-1. It is possible that current variations during Events 4 

and 5 were attributed to remote forcing.   

5.5.2 Low frequency oscillations 

Sub-tidal sea levels recorded at Broome to Ashburton stations during Events 2 and 3 

revealed the presence of continental shelf waves (CSWs), which were propagating towards the 

south-west (Figure 5.5). The tracks of the two TL’s (Figure 5.1) were such that although they 

followed similar track to the north of Broome they were significantly different. The track of TL 

14U (event 2) was parallel to the coast whilst TL 15U (Event 3) made landfall to the east of 

Port Hedland (Figure 5.5). Although the low passed sea level signals looked similar, there were 

differences. TL 14U generated the maximum wave height (crest to trough) at Port Hedland 

(BC2) of 0.55 m when the wind speed and surface air pressure at the time of maximum wave 

height were 17 ms-1 and 998 hPa, respectively. The level of wind speed and the decrease air 

pressure would not usually result in the relatively high wave height recorded and suggested that 

shore parallel track of TL 14U may have also contributed to the large wave height.  Here, the 

wave may be travelling as a ‘forced’ wave. In contrast, TL 15U made landfall on 8 February 

and the ocean wind forcing deceased and therefore, the CSW was propagating as a ‘free’ wave. 

It is possible that the shore parallel track of TL 14U may result in a resonant condition 

in which the translation  speed of the tropical low was close to the celerity of the  CSW 

(Pattiaratchi, 2020) and contributed to the higher-than-expected wave height at Port Hedland 
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(Event 2). The mean translation speed of TL 14U, calculated using the published locations of 

the central pressure by the Bureau of Meteorology, was 6 ms-1 (Figure 5.6a). Cross-correlation 

of the sea level signals at the three sites (Port Hedland, Dampier and Ashburton) revealed high 

correlation coefficients, > 0.8 (Figure 5.6b). The maximum correlation values indicated  a phase 

speed of 6.3 ms-1 that was similar to the translation speed of TL 14U; thus, a resonance condition 

was present, which resulted in an enhanced height of the CSW.  

The frequency structure of the CSW (the subtidal level at BC2) generated during Event 

2 indicated two spectral energy peaks with periods 5.2 and 10.4 days (Figure 5.7a). The 

analytical solutions followed by Brink (2006) were utilized to estimate the dispersion curves. 

The analytical model used a  cross-shelf depth profile at Port Hedland, and measured periods 

5.2 days and 10.4 days as initial frequencies. The predicted phase speeds for modes 1 and 2 of 

the CSW were 6 and 2.8 ms-1, respectively (Figure 5.7b). The measured phase speed was 

consistent with the theoretical phase speed for mode 1, indicating that the actual CSW might 

have consisted of two modes, but mode 1 was more dominant. The simulated sea levels in 

Figure 5.12 also show that only mode 1 is available.              
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Figure 5.5. Sub-tidal sea levels from Broome to Ashburton. Bold numbers denote the Events presented in 
figure 3. Noted that sea level at Port Hedland was taken from BC2 (Figure 5.1). 

 

Figure 5.6. (a) Translation speed of TL 14U during Event 2. The blue line presents the mean translation of 6 
ms-1; (b) Cross-correlation between sub-tidal sea levels at various sites given on the right axis and Ashburton. 
The uppercase letters present initial name of tide gauge. The slope of magenta dashed line shows phase speed 
of a CSW being 6.3 ms-1. 
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In addition to sea levels, the low-passed-filtered, alongshore vertical profiles of currents 

at BC2, B16 and B47 (Figures 5.8 and 5.9) indicated currents to the south west at BC2 and 

BN16 during Event 2, which also corresponded to the peak in coastal sea level (Figure 5.5). 

The reversal of currents between Events 4 and 5 also coincided with a change in water levels 

from the crest to trough of the CSW.  Note that the alongshore current directions at B47 were 

different from those at BC2 and B16 because B47 was located at the entrance to a tidal inlet 

where the currents were parallel to the shoreline, whereas BC2 and B16 were located on the 

shelf (Figure 5.1).   

 

 

 

 

Figure 5.7. ( a) Spectrum of sub-tidal sea level at BC2 showing two dominant peaks; (b) Dispersion curves 
analytical solutions using the cross shelf profile at Port Hedland (Brink, 2006). 
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Figure 5.8. Low-passed alongshore currents during the Events. Bold numbers denote the Events presented in 
Figure 5.3. At BC2 and B16 negative values denote southwestward flow. 

 

Figure 5.9. Mean vertical structure of the alongshore currents during each Event. At BC2 and B16 negative 
values denote southwestward flow. 



Chapter 5. Tropical lows, CSWs and topographic interactions along the Australian North West Shelf  

116 
 

5.5.3 Numerical simulations 

The field measurements indicated that a CSW was generated by TL 14U during Event 

2 (Section 5.5.2). To further investigate this CSW’s formation as well as its interaction with 

irregular topography around Barrow and Montebello Islands (Figure 5.1), a numerical model 

was utilised to examine sea levels and currents on the continental shelf.  

 

 

Figure 5.10. Comparison between observed and modelled sea levels for TL 14U. Model skills are presented in 
right margin. 
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The observed and predicted coastal sea levels between 26 January and 1 February 2017 

indicated that the predicted peaks in low-frequency sea levels were in phase with the observed 

peaks (Figure 5.10). The sea level stations, Broome to Ashburton, straddle a coastline of ~1000-

km length (Figure 5.1). This result indicated mainly that the model forcing (e.g. bathymetry and 

TL track) were adequately represented and the model was able to simulate the CSW 

propagation. Based on model skill, the performance of the model (Figure 5.10) was better at 

southern sites (Ashburton and Dampier) than those in the north (Port Hedland and Broome). 

The largest difference between observed and predicted peaks occurred at Port Hedland and was 

likely related to wind forcing.   

Comparison between observed and simulated depth-mean low frequency currents at 

BC2 indicated that the model correctly captured the timing of the peak currents that occurred 

around 28 January 2017 (associated with TL 14U) for both east and north current directions 

(Figure 5.11). The predicted currents overestimated the measured currents, particularly in the 

east direction. This was most likely due to differences between atmospheric forcing and 

topographic differences between the model and the actual system. 

 

Figure 5.11. Comparison between observed and modelled currents for TL 14U at BC2. All series are mean 
depth velocities. Negative values of the left plane denote westward, while those of the right plane show 
southward. 
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The wind fields (ECMWF ERA-5), water levels and simulated depth-mean currents for 

the period 27-29 January during passage of TL 14U are shown on Figure 5.12.  On 27 January 

2017, TL 14U was located north-west of Broome and the wind field was such that there were 

offshore winds between Port Hedland and Broome on the shelf, whilst shore-parallel south-

westerly monsoon winds were present between Ashburton and Dampier (Figure 5.12a). This 

wind combination resulted in a decrease in coastal sea levels (set-down) and weak north-east 

currents (Figure 5.12b, c). TL 14U continued to track parallel to the shoreline and was located 

offshore Dampier 24 hours later (28th January). The wind field was such that there were 

alongshore winds (> 15 ms-1) directed to the south-west along the shallow shelf east of Dampier 

with a slight onshore component Port Hedland and Broome (Figure 5.12d). This wind field 

resulted in an increase in coastal sea levels east of Dampier to almost Broome a distance of 600 

km (Figure 5.12e) due to a combination of wind and Ekman set-up due to onshore and shore 

parallel winds respectively. The changes in the water level were also associated with strong 

alongshore currents (maximum > 0.8 ms-1) along the whole shelf between Dampier and Broome 

(Figure 5.12f). On 29th January, when the TL 14U travelled to the west (outside the model 

domain), the winds speeds decreased along the shelf to < 10 ms-1 (Figure 5.12g).   
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Figure 5.12. Simulated wind field (a-d-g), storm surge (b-e-h) and mean depth current (c-f-i) during TL 14U. 
Colour shading presents magnitude, while vectors show direction. The dashed black line denotes the TL 14U 
track, while the dashed magenta line shows 200m isobath. The blue circles show tide gauge. The red crosses 
indicate central pressure of TL 14U. 
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Figure 5.12. Continued. 
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Figure 5.12. Continued. 

 



Chapter 5. Tropical lows, CTWs and topographic interactions along the Australian North West Shelf  

122 
 

Analysis of the low frequency sea level record indicated that the passage of TL 14U had 

generated a mode 1 continental shelf wave (CSW) with a speed of  ~6 ms-1 that was also close 

to the translation speed of TL 14U, resulting in a resonance condition (Figure 5.6b; Section 

5.5.2). The sea level output at the coast from the numerical model was also able to reproduce 

the generation of the CSW with a similar propagation speed (Figure 5.13). 

The propagation speeds of TL 14U and the CSW were similar and therefore separation 

of currents due to wind and CSW forcing was not possible. Here, the CSW was considered to 

be a ‘forced’ wave. The strong currents present along shelf break off Ashburton may be 

attributed to CSW propagation around topographic features on the shelf (Figure 5.12i). The 

increase in water level along the coast started on 28th January and 24 hours later, a wedge-

shaped increase in water level was present to the east of Dampier Peninsula (Figure 5.12e).  On 

the 29th, the water levels had decreased in the eastern section, but increased between the 

mainland and Barrow Island (Figure 5.12h).  However, there were strong currents offshore 

Ashburton, which were most likely due to the propagation of the CSW around the islands (see 

 

Figure 5.13. As Figure 5.6b but with numerical model output. 
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below) into Ashburton area.  By this time TL 14U had propagated out of the region and the 

local winds were < 10 ms-1.  

Over the 24-hour period between 12:00 on 27 and 28 January, the coastal sea levels 

around Barrow Island increased by > 0.5 m (Figure 5.a, b). This was during the period when 

the TL 14U passed close to the Island (Figure 5.14b). After the passage of TL 14U, the water 

levels gradually decreased (Figures 5.14c-f). The increase in water level between the Barrow 

Island and the coast was attributed to the local topographic features, which include (Figure 

5.1c): (1) the shallow water (depths ~10 m) between the Barrow Island and the coast with the 

presence of many shallow reef systems; and, (2) the island chain, which includes Barrow and 

Montebello Islands. The combined effect of these two features is such that it acts as a 

topographic barrier for shelf currents, forcing them to flow offshore into deeper water and 

around the Islands (see below). An alongshore section of water depths (along white dashed line 

in Figure 5.14f) indicates a shallow ridge between Barrow Island and the coast (Figure 5.15a). 

To the east, the water depths are ~20 m, decreasing to ~ 2 m (at 90 km mark) and then increasing 

 

Figure 5.14.  Sea level variations around Barrow Island. The magenta dashed line shows 200m isobath. The 
white dashed line in Figure 5.14f presents a transect.   
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to ~40 m in the west. Initially, the alongshore water levels were such that higher levels were in 

the west and decreasing to the east (line 1, 00:00 27 January; Figure 5.15b). Water levels along 

the whole transect then gradually increased and reached a maximum at 12:00 on 28 January 

with a strong sea level gradient (1.5x10-5) across the shallow water (line 4; Figure 5.15b).  The 

water levels then progressively decreased with time together with the sea level gradient across 

the shallow water. 

The influence of the topographic barrier and the associated sea level changes during the 

passage of TL 14U on the current patterns around Barrow and Montebello Islands are shown 

on Figure 5.16. On 27 January, under the influence of the monsoon winds, the shelf currents 

were flowing to the north-east and were steered offshore due to the presence of Barrow Island 

(Figure 5.16a). In contrast, only 24 hours later, the current direction was reversed, with two 

regions of strong currents: over the shallow water region between Barrow Island and the coast 

and the region to the north of Montebello Islands, where the flow curved around the island 

(Figure 5.16b). Over the subsequent 48 hours, the current patterns were similar (i.e. stronger 

currents in the shallow region and flow curvature around Montebello Islands) but the speeds 

 

Figure 5.15. Alongshore variation in (a) water depth; and, (b) sea level time along the the transect shown on 
Figure 5.14f. The labels from 1 to 7 correspond to the 27-30 January at 12 hour intervals. 
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decreased gradually (Figure 5.c-f). These strong currents were generated through a combination 

of wind forcing and the CSW through the passage of TL 14U interacting with the topographic 

features, which included shallow water regions and the presence of Barrow and Montebello 

Islands.  

5.6 Discussion 

The study region, the north-west coast of Australia experiences one of the highest tidal 

ranges on a continental shelf region globally. The tidal range decreases along a 1000-km length 

of the coast from ~10 m at Broome, 8 m at Port Hedland and 3 m at Ashburton (locations are 

shown on Figure 5.1). The focus of the study was during the austral summer where the 

Australasian monsoon drives south-westerly winds parallel to the shoreline, which are 

interrupted by the occurrence of tropical storms (Figure 5.4). This study used observational data 

together with numerical simulations to examine low (sub-tidal) motions on the continental 

shelf. The study examined the sea level and currents (measured and simulated) during the 

passage of two Tropical Lows: 14U in January and 15U in February 2017. During the passage 

 

Figure 5.16. Current variations around Barrow Island. The dashed magenta line shows 200m isobath.    



Chapter 5. Tropical lows, CTWs and topographic interactions along the Australian North West Shelf  

126 
 

of these two tropical lows, the generation of continental shelf waves (CSW) were evident in the 

observed subtidal sea level record and currents (Figures 5.5 and 5.8) as well as simulated water 

levels and currents (Figure 5.12). The results indicated that an increase in water level of ~0.55 

m together with strong currents to 0.5 ms-1 were associated during the passage of TL 14U. 

These higher than expected response in water levels and currents when compared to severe 

cyclones were due to a resonance condition with a forced CSW travelling at the same translation 

speed as TL 14U and augmented by wind forcing (Figure 5.6). Resonance conditions occur 

when energy transfer from the atmosphere to ocean is at a maximum with the oceanic response 

abnormally higher than that would be expected (Pattiaratchi, 2020). It is acknowledged that 

although resonance effects between tropical cyclones and the generation of CSWs have been 

documented (Fandry et al., 1984) they are quite rare and not readily available in the literature.  

Although many studies have investigated the formation of CSW by tropical cyclones (Hearn 

and Holloway, 1990; Hetzel et al., 2017; Ke and Yankovsky, 2010; Morey et al., 2006; Tang et 

al., 1997; Yankovsky, 2009), studies that examine the impacts due to tropical lows are almost 

non-existent. Although tropical lows are generally lower in intensity, the results from this study 

indicated that the impacts can be similar to TC’s particularly under resonance conditions. For 

example, sea records along the west coast of Australia indicated that the CSW generated by TL 

14U extended as far as Fremantle (Pattiaratchi, 2020) some 1200-km to the south of North-west 

Cape (Figure 5.1). This observation corresponds to the results presented by Elliot and 

Pattiaratchi (2010) for CSWs generated by tropical cyclones. 

Over the measurement period there were significant changes in wind forcing, which had 

a significant impact on the sub-tidal currents. Initially the region was dominated by monsoon 

winds with persistent speeds ~10 ms-1 with a decreasing tidal range with neap tides around 22 

January (Figure 5.4a, d). This resulted in sub-tidal currents flowing to the east (Figure 5.4f). At 

the beginning of Event 1 which was associated with a spring tide, tidal currents were dominant, 
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there was a gradual decrease in sub-tidal water level (Figure 5.5). However, the sub-tidal 

currents were to the east (Figure 5.9) and were confirmed by the numerical simulations (Figures 

5.12g and 5.16a). During the passage of TL 14U (event 2), at the start of the spring tides, the 

winds and sub-tidal currents reversed in direction (Figures 5.4a, b and 5.9). Between events 2 

and 3, the period between the tropical lows, the sub tidal water level was steady (Figure 5.5) 

resulting in negligible subtidal currents (Figure 5.9). The sub-tidal currents then reversed 

direction again during events 3 and 4 in response to changes in the dominant wind direction. 

5.6.1 Flow-topography interaction 

Interaction between currents and coastal features such as headland and islands generate 

flow features in the lee of these features (Pattiaratchi et al., 1987). The combined impact of the 

very shallow water, Barrow and Montebello islands may be considered as a headland extending 

from the coast to the offshore extent of the Montebello islands. The predicted circulation pattern 

during the passage of TL 14U was such that the continental shelf water transported to the south-

west was deflected offshore and flowed past the northern end of the Montebello islands (Figure 

5.16). This was because the cross-sectional area across the relatively shallow water between the 

mainland and Barrow Island (Figure 5.1) was small and the volume of water on the continental 

shelf driven by the combined influence of the wind and the continental shelf wave generated 

by TL 14U was too large to pass across the shallower water.  Therefore, water piled up to the 

east and the flow deflected offshore (Figure 5.16).  The numerical model results indicated that 

the flow patterns in the lee of the Montebello islands did not indicate flow separation although 

the currents were relatively strong. To examine the flow regime in more detail we used the 

island wake parameter P introduced by Wolanski et al. (1984): 

 𝑃 =
𝑈𝐻

𝐾 𝑊
 

 

(5.5) 
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where U is velocity scale, Kz is the vertical eddy viscosity coefficient, H is the mean 

water depth and W is length scale of the obstacle. The vertical eddy viscosity coefficient 

estimated as 0.067 HU* (Fischer, 1979), with U* (shear velocity) given by CD
1/2U where CD is 

the bottom drag coefficient. Given CD=2.5x10-3 results in a value for Kz=0.067 m2s-1. This is 

close to the value of 0.1 m2s-1 used by Pattiaratchi et al. (1987).  Representative parameters for 

this system (Figure 5.16) are: U=0.4 ms-1, H=50, W=70000 m (the distance between the 

mainland and the northern tip of Montebello islands; Figure 5.1). Substituting these values into 

Equation 5.5 yields P=0.25 or P ≈1 and through the classification by Wolanski et al. (1984), 

predicts a quasi-potential flow as the wake structure. The dominant controlling parameter in 

equation 5.6 for this system is the length scale (~70 km). Therefore, even if the currents were 

higher (e.g. due to a stronger cyclone), P would still remain ≈1 and the wake structure would 

not change.  This was confirmed by numerical simulations (not shown). Similarly, if the depth 

was increased from 50 to 100 m, Equation 5.5 would still yield P ≈1 and would not change the 

wake structure. 

In addition, we used the regime diagram that was developed by Alaee et al. (2004) to 

investigate further numerical model results. Two scaling parameters proposed by Alaee et al. 

(2004) are the equivalent Reynolds number Ref (the ratio of the advective term to the frictional 

term) and the modified Rossby number Rom (the ratio of the advective to the Coriolis term): 

where f is Coriolis parameter, Rs is the radii of curvature of the headland. With the given 

values above and f=-5.5x10-5, Rs=6000m, we obtained Ref=0.28 and Rom=2.6, which suggested 

 𝑅 =
𝐻

𝐶 𝑊
 

 

(5.6) 

 

 𝑅 =
2𝑈

𝑓𝑅
 (5.7) 
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that bottom friction and centrifugal forces mainly controlled the current (Regime C in Alaee et 

al., 2004).  This indicates the absence of flow separation in the lee of the island chain. 

5.6.2 Implications 

Results of this study have demonstrated that in a highly energetic region with large tides 

and impacted by tropical cyclones even tropical storms under certain conditions can have a 

significant impact for water levels and currents. In particular, a tropical storm  travelling parallel 

to the coast, at a similar speed to the local CSW propagation speed, can enhance the water levels 

and currents on the continentals shelf through resonance (Pattiaratchi, 2020) and also influence 

shelf dynamics in regions >1000 km from the study region (Eliot and Pattiaratchi, 2010; Fandry 

et al., 1984; Pattiaratchi, 2020). For example, using HF Radar derived surface currents and 

remote sensing imagery Penton (2017) demonstrated that CSWs generated by tropical storms 

generated sub-mesoscale eddies along the Rottnest continental shelf, which lasted for more than 

10 days. 

The presence of the shallow water region between the mainland and Barrow Island was 

such that the cross-sectional area was too small to allow the increasing volume of water 

resulting from the CSW to pass through. This resulted in the water being diverted offshore 

around.  The increase in water levels extended up to 700 km upstream and thus is significant 

effect of the topographic features associated with Barrow Island (Figure 5.12h).  Salcedo-Castro 

and Ratsimandresy (2013) also found an increase in sea levels during the passage of tropical 

storms (Hurricanes) close to bathymetric constriction zones in Belle Bay, Newfoundland 

(Canada). 
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5.7 Concluding remarks 

This Chapter presented the continental shelf response to the tropical lows 14U and 15U, 

which occurred on the Australian North West Shelf during the first two months of 2017. 

Analysis of observed coastal sea levels and currents suggested that the alongshore TL 14U track 

created a continental shelf wave whose observed phase speed was close to the translation speed 

of the TL, resulting in a resonance condition. Numerical simulations using the Regional Ocean 

Modeling System (ROMS) confirmed the generation and propagation of the CSW induced by 

TL 14U. We found out that topographic features around Barrow and Montebello Islands 

influenced on coastal sea levels and currents. Based on the observational and numerical 

analysis, we reached the following conclusions:  

 The passage of two tropical lows (14U and 15U) generated mode 1 continental shelf waves 

along the North West Shelf.   

 The parallel TL 14U track, with a mean translation speed of 6 ms–1, was close to the 

observed phase speed of the coastal surge and generated an amplified CSW (wave height 

up to 0.55 m) due to the resonance condition. This highlighted that the magnitude of the 

CSW was dependent on the path and translation speed of the storm systems, in addition to 

its intensity.   

 Subtidal currents on the continental shelf were controlled through wind forcing. The 

prevailing monsoon-driven currents were to the north-west. However, during the passage 

of the tropical lows, the subtidal currents reversed in direction and flowed to the south-

west. 
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 When the TL 14U and its effect (the CSW) passed close to Barrow Island, the sea levels 

upstream of the island increased because of the pile up of water due to the shallow water 

region acting as a topographic barrier.  

 Current speeds to the north of Montebello Islands were strong (~1.2 ms–1) due to a 

combination of the direct wind stress, CSW propagation and the blocking effect deflecting 

the water offshore.   

 Although strong currents were observed to the north of Montebello Islands, there was no 

flow separation, mainly due to the length scale (~70 km) of the topographic features.  
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 Synthesis 

Coastal sea levels vary over a broad range of time scales ranging from minutes to 

centuries. This thesis concentrated on two main timescales (or themes): (1) mean sea level 

change with time periods ranging from months to decades with Vietnam as the study site; and, 

(2) storm surge processes over periods of several hours to ~10 days with north-west Australia 

as the study site.  These processes are shown schematically in Figure 6.1. The first theme 

examined seasonal and inter-annual sea level variability that includes the seasonal (due to 

changing monsoon seasons), El Nino Southern Oscillation (ENSO) and, longer period tides 

(nodal and lunar perigee). The second theme investigated coastal sea level processes driven by 

tropical storms and included a range of processes such as the forerunner, continental shelf 

seiches, edge waves and continental shelf waves (details presented in Chapter 2). These studies 

were undertaken using a combination of data analysis and/or numerical modelling using the 

Regional Ocean Modelling System (ROMS). The two study regions, Vietnam coast and the 

Australian North West Shelf are located in tropical regions subject to seasonal monsoon winds 

and tropical cyclones. However, they experience contrasting tidal regimes: the Vietnam coast 

experiences mainly diurnal tides with a medium tidal range (1-4m) and the diurnal tides in Gulf 

of Tonkin (northern Vietnam) are the highest globally. In contrast, the Australian North West 

Shelf experience one of the largest tidal ranges globally with semi-diurnal tides with maximum 

tidal range > 10 m.  

The aims of this thesis (see Chapter 1) are to define:  

1. Major factors that modulate seasonal and inter-annual sea level variability along the 

Vietnam coast. 
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2. Characteristics of the forerunner and coastally trapped waves along the Australian 

NWS generated by tropical cyclones. 

3. Role of topography on the generation and propagation of continental shelf waves by 

tropical storms. 

 

 

 

Figure 6.1. A schematic of coastal sea level processes at different time scales showing two main themes: Mean 
sea level change and storm surge components. The coastal sea level processes denoted by red texts are 
investigated in the thesis. 
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This thesis is presented a collection of three papers each addressing the aims listed 

above. Each Chapter included a detailed discussion and conclusions that was related to each 

paper.  In this chapter, the main findings related to thesis aims are summarised in relation to 

different physical processes and time scales (Section 6.1) and is then followed by Conclusions 

of the thesis (Section 6.2). Section 6.3 presents implications and future work is recommended 

in Section 6.4.   

6.1 Findings  

Edge waves 

Edge waves are long gravity waves (long wave length compared to water depth) that 

are defined as wave modes trapped in the coastal ocean with maximum amplitude at the coast 

and decaying offshore and consist of an infinite number of cross-shelf modes (Huthnance, 1975; 

Section 2.2.4; Munk et al., 1956). Edge waves have periods lower (4-8 hours) than the local 

inertial period (super-inertial) and are smaller in wavelength and decay scale than Kelvin waves. 

Hence, the Coriolis force is not dominant as a restoring force (gravity dominates) and as such 

they can propagate in both directions along the coast from the source of generation (Figures 2.4 

and 4.2). After landfall of a storm, coastal sea levels have been found to oscillate several times 

over a duration between 1-2 days that were attributed to edge waves (Yankovsky, 2008).  

In this study, edge waves were observed during TC Olivia (1996) that made landfall 

between Onslow and King Bay with a relatively high translation speed (~8 ms-1) (See 4.5.1). 

Analysis of non-tidal sea level oscillations indicated that the wave height (difference between 

crest and trough) was up to 1.0 m with period ~6 hours and was identified as an edge wave. In 

this case, the upstream wave travelled from King Bay to Broome over a distance of up to 700 

km. The observed phase speed of the upstream edge wave was 10 ms-1 which was consistent 

with theoretical phase speed of shallow water waves for the study region. 
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Numerical simulations indicated that translation speed of the TCs determined 

generation as well as characteristics of edge waves (See 4.5.2). Particularly, edge waves were 

attributed to fast translation TCs (>8 ms-1). Although the translation speed of the TC varies the 

period of edge waves was relatively constant as their period was dependent on local water depth 

and shelf width. The magnitude of edge waves was sensitive to TC translation speed with higher 

speeds resulting in higher wave heights.  

Forerunner 

A gradual increase in residual water level up to several days prior to a storm landfall is 

defined as a forerunner surge (FS) (Trinh et al., 2020). Although a typical magnitude of a FS is 

less than 1m, there has been a growing concern about FS because of its cumulative effect of 

elevating high water levels through interaction with high tide or concurrence of local surge 

(Kennedy et al., 2011; Suh and Lee, 2018).  

The generating mechanism and features of the FS are dependent on translation speed of 

a TC. Analysis of historical sea level data during 2 TCs making landfall on Australian NWS-

Olivia 1996 and Monty 2004 and in combination with numerical simulations utilizing ROMS 

showed that the FS was likely to be generated by a slow-moving TC (<6  ms-1) (Chapter 4).  

Here, when the TC was located far offshore (>500 km from the coast), the alongshore wind 

component on shelf generated strong onshore geostrophic flow, increasing the  sea level at the 

coast through Ekman set-up (Section 2.2.1). The FS was found to occur ~3 days prior to landfall 

with maximum magnitude up to 0.60 m. As translation speed of a TC increased, the increase in 

water level at the coast due to FS decreased.  

Continental shelf waves 

Movement of coastal sea level and currents with periods from three days to two weeks 

(‘weather band’) are a common feature of many continental shelves globally and are attributed 
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to continental shelf waves (CSWs). These long waves have periods higher than the local inertial 

period (sub-inertial) and have spatial and temporal scales that are large compared to Earth’s 

rotation and therefore the Coriolis force is dominant (Figure 4.2). Hence, CSWs propagate with 

the coast on the right/left in the northern/southern hemisphere (section 2.2.5). In this study, 

CSWs that are generated by alongshore winds and governed by cross-shelf bathymetry were 

considered (Huyer, 1990). CSWs can be classified into two categories: (1) ‘free waves’ where 

the waves propagate independent of the forcing (Eliot and Pattiaratchi, 2010); and, (2) ‘forced 

waves’ in which the waves propagate with the same translation speed of the atmospheric 

disturbances that result in resonance conditions (Pattiaratchi, 2020).   

Numerical simulations along NWS revealed that free CSWs were generated by slow-

moving (<6 ms-1) TCs (Chapter 4). Wave heights of these CSWs were stable ~0.20m as 

translation speed of the TCs changed as their magnitude was mainly dependent on the 

magnitude of the alongshore wind component. The free CSWs were scattered in the vicinity of 

North West Cape due to a rapidly narrowing shelf, resulting in strong coastal currents.  

The observations and numerical modelling showed that shelf topography determined 

the generation and propagation of CSW driven by tropical storms along Australian NWS 

(Chapter 5). The forward speed of the shore parallel track Tropical Low (TL) 14U in 2017 was 

close to a phase speed of the CSW resulting in an amplified CSW (a ‘forced’ CSW) and due to 

the resonance effect with maximum wave height up to 0.55 m and alongshore currents ~0.5 ms-1. 

The generation and propagation of the CSW induced by TL 14U were simulated successfully 

using ROMS. The combination of forcing from TL 14U (through wind forcing) and the CSW 

interacted with Barrow Island, the sea levels to the east of the Island were increased by up to 

0.40m due to the blocking effect of the topography barrier. This resulted in strong currents (~1.2 
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ms-1) which were due to a combination of direct wind stress, CSW propagation and blocking 

effect diverted to currents to the north of Montebello Islands.  

Seasonal cycle 

Analysis of long term tide gauge measurement indicated that the seasonal variability 

along the Vietnam coast was modulated by monsoons and river discharge. In the open coast 

from Central to Southeast sections of the coast, the sea level was at a minimum during the 

summer months in contrast to higher levels during the winter months with the water level range 

up to 0.40m. The south-west and north-east monsoon winds were the main physical forcing that 

also influenced the ocean circulation. In contrast, along the northern section of the coast (Tonkin 

Bay), the sea level reached a minima during spring and gradually increased to a maximum 

during the summer.  This pattern was related to the Red River discharge that maintained higher 

mean sea level during summer months.  

El Niño Southern Oscillation (ENSO) 

Examination of 24 years of altimetry derived sea level data from the AVISO database 

(1993-2016) showed that the inter-annual variability along the Vietnam coast was dominated 

by the ENSO signal.  In general, the lower mean sea levels corresponded to El Niño events (e.g. 

1997-1998), whilst the higher mean sea levels were associated with La Niña events (e.g. 2010-

2011). For the open coast (from Central to Southeast coasts) the strong response of the sea level 

to ENSO, indicated by a high correlation between the mean sea level and the southern 

oscillation index (SOI), up to 0.7, was driven by inter-annual changes to the ocean current 

circulation. Particularly, the maximum of sea level in the late La Niña winter (December) was 

attributed to the intensified alongshore current that originated from ENSO cycle. Although there 

was a strong response of the mean sea level to ENSO along the open coast, the response was 

diminished within the Bays (Tonkin Bay and Gulf of Thailand). 
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Nodal tide and lunar perigee 

Analysis of predicted tides from TPXO7.2 showed that in addition to the inter-annual 

mean sea level variability along the Vietnam coast that related to ENSO, the mean sea level 

was also modulated by the long period tides: the 18.6-year nodal cycle and 4.4-year lunar 

perigee (Haigh et al., 2011). The Northern, Central and Southwestern coasts of Vietnam 

experience diurnal systems and therefore the 18.6-year nodal tides dominate over the 4.4 lunar 

perigee tides. In particular, the Northern coast, that experiences the largest diurnal tides globally 

and thus also the maximum 18.6-year nodal tides will experience a rise in mean sea level of 

0.4m over the period 2015 to 2025 due to the nodal cycle. Therefore the coastal region will be 

at a higher risk of coastal inundation peaking in 2025 because of the next high stand of the 

nodal cycle. In contrast, the Southeastern coast (Mekong Delta) which experiences mixed, 

semi-diurnal tides 4.4 lunar perigee modulation is dominant compared to the 18.6-year nodal 

tides. The inundation in the Vietnam Mekong Delta was controlled by the interaction between 

ENSO and the 4.4-year lunar perigee cycle.   

6.2 Conclusions 

This thesis concentrated on two main timescales (or themes): (1) mean sea level change 

with time periods ranging from months to decades with Vietnam as the study site; and, (2) storm 

surge processes over periods of several hours to ~10 days with north-west Australia as the study 

site.  These processes are shown schematically in Figure 6.1.  The main conclusions may be 

summarised as follows: 

1. In Vietnam, in open coastlines, the seasonal cycle of the mean sea level driven by the 

reversing of monsoons were dominant whilst Tonkin Bay (in the north) was influenced by 

the Red River discharge.  
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2. The inter-annual sea level along the open coasts (from centre to southeast) was closely 

related to ENSO, whilst the response of sea level to ENSO in Bays (Tonkin Bay and 

Thailand Gulf) was weak.  

3. The northern section of the Vietnam coast was dominated by the 18.6-year nodal tide whilst 

in the south, coastal flooding in the Vietnam Mekong Delta is controlled by the interaction 

between ENSO and the 4.4-year lunar perigee cycle.  

4. The Australian North West Shelf (NWS) experiences frequently tropical storms (cyclones 

and tropical lows) with a mean of 5 storms per annum impacting the region contributing to 

a range of processes that contribute to sea level changes at time scales ranging from ~4 

hours to ~10 days (Figure 6.1).  

5. Translation speed of a tropical storm is the critical factor that determine the role of 

forerunner and coastally trapped waves to the non-tidal water level changes. A slow-

moving tropical storm (<6 ms-1) was likely to generate a larger forerunner and contribute 

to the generation of continental shelf waves (CSW). In contrast, a fast-moving storm 

(>8 ms-1) resulted in the generation of edge waves.  

6. The heights of the forerunner and edge waves were related to storm translation speed whist 

CSW heights were independent of the translation speed.  

7. During the passage of the shore parallel tropical low 14U in 2017, its forward speed was 

close to a phase speed of the CSW resulting in an amplified CSW due to resonance.  

8. When the combined forcing of TL 14U and the CSW interacted with Barrow Island, the 

sea level increased by up to 0.40m upstream of the islands due to the blocking effect of the 

shallow water between mainland and the Islands. This resulted in very strong currents 

(~1.2 ms-1) that deflected offshore of the Montebello Islands.  
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6.3 Implications 

Results from the thesis improve capacity for accurate prediction of coastal flooding in 

the long-term along the Vietnam coast. Here, we showed that the northern coast will experience 

a rise in sea level by 0.4 m over the period 2015 to 2025 due to the 18.6-year nodal tide and 

will be at a higher risk of coastal inundation in ~2025 due to the next high stand of the nodal 

tidal cycle. Meanwhile, inundation in the Vietnam Mekong Delta, the low-lying southeast coast 

with high population, is controlled by interaction between ENSO and the 4.4-year lunar perigee 

cycle which will reach a peak in~ 2022.  

Traditionally, storm surge studies have focused on areas around central storms where 

are affected by strong winds and heavy rains. Results from the second theme of the thesis, which 

gave an insight into storm surge processes along Australian NWS, offer capacity for improved 

estimation of potential risks in areas where are outside from direct wind forcing. Here, the 

forerunner generated prior to landfall can impact the water levels up to 900 km along the coast. 

The edge waves can travel up to 700 km after the landfall. The continental shelf waves 

generated by TCs in NWS, which can travel 4000 km to the southern Australia that is a micro-

tidal region, largely influence on local hydrodynamics and water exchange in estuaries 

(O’callaghan et al., 2007).   

6.4 Future work 

An accurate estimation of extreme sea level (ESL) is important for design conditions of 

coastal and offshore facilities. Investigation on an estimation of the ESL along the Vietnam 

coast has faced several challenges: (1) ESL occurs due to a combination of three main factors: 

tide, storm surge and mean sea level. Features of these components change considerable along 

the Vietnam coast, so generation of ESL differs for different regions; (2) Consequently, a 

relative coarse tide gauge measurement (Figure 3.1) is unlikely to capture the spatial variation 
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of the ESL along the coast. To overcome these obstacles, future studies should do three 

following steps. Firstly, based on Chapter 3 focusing on mean sea level, one can extend an 

investigation in spatial variation in tides, and storm surge for the whole Vietnam coast. 

Secondly, the numerical model should be simulated with at least 60 years to include three nodal 

cycles as well as inter-annual variability. Thirdly, predicted sea levels at coastal points will be 

used to estimate the annual exceedance probabilities (AEP) or average recurrence intervals 

(ARI), methods given by (Haigh et al., 2014).    

Strong eastward currents around 110N result from an interaction between the summer 

monsoons and the curvy shoreline in the Central coast, defined as Vietnam Offshore Current 

(VOC). This present study showed that the location of VOC varied inter-annually (Figures not 

shown), for instance during the developing stage of El Niño years the cross-shore current 

located in the south, whereas it moved to the north in a subsequent year as El Niño was in the 

decaying stage. However, the reasons for year-year variation in VOC’s shifting as well as three 

dimensional structures of an eddy dipole accompanying the VOC remain unclear. In order to 

deal with this challenge, a 3D numerical model is one of the feasible approaches. The future 

model should consider: (1) a large domain covering the East Sea to account for inter-annual 

variation in summer monsoons (Quan et al., 2016) and the water intrusion from Luzon Strait 

which may contribute to a generation of an eddy located in the north of VOC (Fang et al., 2012); 

and, (2) a high resolution domain around the Central coast to simulate sub-grid phenomenon 

such as flows past headlands.  

The Vietnam southwest coast where is bounded by Thailand Gulf has a micro-tidal 

range (around 0.5m), therefore the seasonal variability in the region plays important role in total 

sea level. Examination of coastal altimetry data (AVISO) showed that the seasonal range in this 

area has increased gradually, which may be partially responsible for more than 150 km 
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shoreline erosion in the region (Anthony et al., 2015). Long term tide gauge measurement is 

required to verify this issue. In addition, the future investigation should clarify the reasons for 

a gradual increase in seasonal range in the southwest region.    

Although Chapter 4 shows that forerunner is a process that occurs regularly along 

Australian North West Shelf, dynamics of forerunner in the region remain unanswered at 

present. The future studies should consider following points to advance an insight in generating 

mechanism as well as features of forerunner. Firstly, the approaching angle should be taken 

into account. Previous studies suggested that oblique cyclone paths would be a secondary 

resonance creating amplification of forerunner (Suh and Lee, 2018; Thiebaut and Vennell, 

2011). Preliminary results also indicated that (Figures not shown) several TCs such as Bobby 

1995, Vance 1999, Clare 2006, Glenda 2006 and Nicholas 2008 that had approaching angles to 

the coast being around 420 created large forerunner. Using intervals in degree, a future 

numerical model should clarify which angle determines the amplification of forerunner. 

Secondly, landfall would be a factor governing the mechanism of forerunner. Chapter 4 focused 

on the landfall around Port Hedland where the shelf width is wide, therefore Ekman setup is the 

main generating mechanism. However, when the cyclone makes a landfall between Exmouth 

and Onslow where the shelf width is narrow and topography is complex, other forcing such as 

bottom friction or non-linear term in the governing equations may overwhelm Coriolis force. 

The numerical investigation should delineate this uncertainty. Finally, the storm size (described 

by the radius of maximum wind RMW), which controls the magnitude of currents over the shelf 

and thus determining the magnitude of forerunner, should be considered carefully. The present 

numerical model uses the Holland wind model in which the RMW is 20 km, which is only 

sufficient for a small cyclone. For simulating a large cyclone, one can extend the RMW to 70 

km for example. Alternately, one could use wind forcing from global atmospheric reanalysis 
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such as ERA5 (Hersbach et al., 2020) or JRA55 (Kobayashi et al., 2015) which captures 

features of medium or low intensity TCs with largely spatial scale.  

Although Chapter 5 shows that the attached flows exist in the lee of Barrow Island, there 

are still many uncertainties of island wakes. To get an insight into wakes behind the Barrow 

Island, a nesting domain, summer monsoon and a diversity of TC forcing should be taken into 

account in the coming studies. The present investigation used a grid size of 2x2 km which was 

not sufficient to simulate eddies in the wakes, therefore smaller grid scales (for example, a grid 

size of 500mx500m) are required to account for a sub-grid scale phenomenon such as the 

instability of the free shear layer (Wolanski et al., 1996).  The Ningaloo current, driven by the 

southerly monsoon, regularly occurs in summer times and couples with upwelling around the 

North West Cape (Woo et al., 2006). An interaction between the Ningaloo current consisting 

of high nutrient concentration and the Barrow Island would be an avenue for further 

investigation. The flow regimes in the wakes are heavily dependent on magnitude of CSW 

induced currents (Equation 5.6). These currents are thought to be a function of TC features such 

as tracks, intensity, forward translation, and storm size, so the future modelling studies should 

simulate a historical cyclone database to clarify the features of CSWs as well as blocking effects 

around Barrow Island.  

From Figure 5.1b, it can be inferred that the harbour at Port Hedland is subjected to 

large sea waves during severe TCs. When these surface gravity waves propagate into the 

harbour, they can be transformed into infra-gravity (IG) waves with periods of between 25 and 

300s (Rabinovich, 2010). If period of the latter is close to natural period of the harbour, the 

resonated sea levels and associated currents could interrupt berthing operations in Port Hedland 

which is one of the largest mineral ports in the world. High temporal records (for instance one 
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second intervals) and numerical modelling configured by fine scale bathymetry are required for 

future investigation to estimate features of IG waves in the harbor. 
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Trinh, T. T., Pattiaratchi, C., and Bui, T. (2020). The Contribution of Forerunner to 
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