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ABSTRACT 

This thesis examines effects of wave-current interactions (WCIs) on surface gravity waves 

and ocean currents over the eastern Canadian coastal and shelf waters using a coupled 

wave-circulation numerical model. The coupled model consists of a three-dimensional (3D) 

circulation model and a third-generation wave model. Comparisons of model results with 

in-situ oceanographic observations made with buoys and ADCPs and remote sensing 

measurements from satellites and high frequency (HF) radars demonstrate that the 

inclusion of WCIs in the coupled model significantly improves the model performance in 

simulating ocean waves, currents and hydrography over coastal and shelf waters, 

particularly during extreme weather events.  

The important WCI mechanisms on the 3D ocean currents examined in this study 

include the 3D wave force, breaking wave-induced mixing, and wave-induced vertical 

Reynolds stress. The research results demonstrate that the vortex force formulation, with a 

separation of the 3D wave force into conservative (vortex force and Bernoulli head) and 

non-conservative (breaking wave-induced acceleration) contributions, performs better than 

the radiation stress formulation in simulating the wave-induced 3D ocean currents over 

coastal waters under hurricane conditions. Furthermore, the 3D wave force and breaking 

wave-induced mixing are found to improve the model performance in simulating the storm-

induced sea surface temperature changes. The research results also demonstrate that the 

wave-induced vertical Reynolds stress is an important process for transferring the wind 

momentum to the water column in addition to the turbulent Reynolds stress. 

The important WCI mechanisms on surface gravity waves during storm events include 

the relative wind effect, current-induced convergence and refraction, which collectively 

result in different wave responses on the two sides of the storm track. Significant wave 

modulations by the hurricane-induced near-inertial currents and semidiurnal tidal currents 

are also demonstrated based on analyses of both observations and numerical model results. 

Tidal modulations in the Gulf of Maine are mainly due to the strong horizontal gradients 

of tidal currents near the mouth of the Gulf, resulting in great effects of current-induced 

convergence, refraction and wavenumber shift. In addition, the current-enhanced 

dissipation becomes important during high winds by reducing the magnitude of the tidal 

modulation.   
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CHAPTER 1  

INTRODUCTION  

1.1 Background 

Surface gravity waves are among the most energetic motions in the upper ocean on time 

scales from seconds to minutes with wavelengths of one to hundreds of meters. Ocean 

currents (driven by wind, tide, and density), by contrast, are associated with time scales 

from hours to years and spatial scales of one to thousands of kilometers. Despite their 

distinctive scales, these two motions can interact with each other.  

   Reliable knowledge of wave-current interactions (WCIs) in the ocean is of great 

importance to many scientific and engineering applications, such as weather forecasting 

(Chen and Curcic, 2016), coastal ocean forecasting (Staneva et al., 2016), trajectory 

forecasting (Rohrs et al., 2012), oil spill analysis (Guo et al., 2014), sediment erosion 

analysis (Lettmann et al., 2009), site selection for offshore infrastructures (Hashemi and 

Neill, 2014), and de-biasing of remote sensing measurements (Ardhuin et al., 2016). Yet 

WCIs are not routinely implemented in todayôs many ocean predicting systems in which 

ocean wave and circulation models are run separately by assuming the WCIs to be small 

and thus can be neglected. 

Physically, ocean currents can modify the relative speeds of the air above the sea 

surface known as the relative wind effect and change the absolute frequencies of waves via 

a process known as the Doppler shift. Spatial variability of currents can modify the relative 

wave frequencies and cause wave refractions that mimic bathymetric effects. Other indirect 

effects include enhanced wave breaking due to a rapid steepening of waves when waves 

encounter opposing currents (Ardhuin et al., 2012). In addition to ocean currents, the sea 

surface elevation modifies the total water depth experienced by surface waves and thereby 
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can greatly affect the depth-induced wave refraction and dissipation over coastal waters. 

Surface gravity waves, in return, can affect ocean currents through various WCI 

mechanisms (Fig. 1). At the sea surface, surface waves enhance the wind stress by 

increasing the surface roughness length (e.g., Donelan et al., 1993) and modify the air-sea 

momentum flux budget through wave growth and dissipation (Perrie et al., 2003; Fan et 

al., 2010). At the ocean bottom, the interaction of surface waves with the sea bed can 

enhance the bottom shear stress experienced by currents (e.g., Wijesekera et al., 2010). In 

the upper ocean, surface waves can enhance the turbulent mixing through the Langmuir 

circulation, breaking and nonbreaking waves. The Langmuir circulation arises from an 

interaction of the Stokes drift with the mean flow (Craik-Leibovich vortex force, Craik and 

Leibovich, 1976). The breaking wave-induced mixing involves a turbulent kinetic energy 

(TKE) input at the surface (Craig and Banner, 1994), and the nonbreaking wave-induced 

mixing involves an interaction between the wave orbital velocity and the turbulent velocity 

(Qiao et al., 2004). Furthermore, similar to the turbulent Reynolds stress, the nonlinear 

feedback of surface waves on ocean currents results in the wave-induced Reynolds stress, 

which are responsible for generating the wave-induced setup, undertow, longshore currents, 

and rip currents in the surf zone (Longuet-Higgins and Stewart, 1964). The three-

dimensional (3D) nonlinear feedback of surface waves on ocean currents (3D wave force) 

can be formulated through the concept of radiation stress (RS) (Mellor, 2003) or vortex 

force (VF) (McWilliams, 2004; Ardhuin et al., 2008b). It is noted that these two methods 

incorporate the material advection by the Stokes drift and the wave-induced vertical 

Reynolds stress component ὺύ (ό, ὺ, and ύ are the wave orbital velocities). Here, ὺύ 

is equivalent to an interaction between the Coriolis force and the Stokes drift Ἦ ἣ▼, 

known as the Coriolis-Stokes force (e.g., Polton et al., 2005). Another wave-induced 

vertical Reynolds stress component όύ, however, is not incorporated in these two methods, 

and it is recently found to be equivalent to a subsurface projection of the wind pressure 

correlated with the wave slope (Mellor, 2013). 
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Figure 1.1: Schematic showing important wave-current processes on the three-dimensional 

ocean circulation. 

 

With the rapid development of computational technology and state-of-the-art numerical 

circulation models and surface gravity wave models, great efforts have been made in the 

last decade to study the potential effects of WCIs on the atmosphere-ocean-wave system 

over different ocean waters around the world using newly developed coupled modelling 

systems. For example, off the U.S. east coast, Olabarrieta et al. (2012) showed that the 

combined wave age- and steepness-based sea surface roughness parameterization provided 

the best results for wind and wave growth prediction during storm events. On the southwest 

Western Australian continental shelf, Wandres et al. (2017) found that the simulated surface 

waves can be greatly modulated (up to 25%) by the Leeuwin Current, a strong poleward-

flowing boundary current. In the Adriatic Sea (Sikiric et al., 2012) and the German Bight 

(Staneva et al., 2016), a model-observation comparison showed improved modelling skills 

in simulating the surface waves and upper ocean currents when the effects of WCIs were 

taken into account. In a semi-enclosed bay known as Jiaozhou Bay, China, Gao et al. (2018) 

demonstrated that the inclusion of WCIs is crucial to accurately simulate the suspended-

sediment dynamics. 
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The eastern Canadian shelf (ECS) (Fig. 1.2) considered in this thesis consists of coastal 

and shelf waters of the Labrador and Newfoundland Shelves, Grand Banks, the Gulf of St. 

Lawrence, the Scotian Shelf, and the Gulf of Maine. The ECS is socially and economically 

important since it supports commercial and recreational fisheries, offshore oil and gas 

exploration and production, marine recreation and tourism, aquaculture, shipping and 

transportation, and other economic activities that directly contribute to the Canadian 

economy. The WCIs can be expected to be significant over this region, particularly during 

extreme weather conditions, since the ECS is affected frequently by winter storms and 

occasionally by hurricanes. Hurricane Juan, as an example, was an intense tropical cyclone 

and caused heavy damage in Nova Scotia and Prince Edward Island in late September 2003. 

Hurricane Juan reached category 2 strength on the Saffir-Simpson hurricane scale on 27 

September 2003 and made landfall on the south coast of Nova Scotia near Halifax early on 

29 September, with maximum sustained winds of about 158 km h-1. This storm generated 

about 2 m storm surge in Halifax Harbor, and huge surface waves with maximum 

significant wave height of about 10 m and maximum wave height of about 20 m observed 

at Buoy 44258 at Chebucto Head outside of the Harbor (Fogarty, 2003). The other example 

is ñWhite Juanò, which was a hurricane-strength norôeaster blizzard and affected most of 

Atlantic Canada in February 2004. White Juan had an average snowfall rate of 5 cm h-1 for 

12 h, and winds blew at up to 124 km h-1. White Juan produced hurricane-strength winds 

at sea with 10-15 m swells, prompting a special marine warning. Although the storm-

induced ocean currents and ocean waves over the ECS during Hurricane Juan were studied 

previously by Sheng et al. (2006) and Xu et al. (2007), the WCIs on the ECS during extreme 

weather conditions such as Hurricane Juan and White Juan remain to be studied. 

Three specific sub-regions of interest on the ECS (Fig. 1.2) are further considered in 

this thesis, including the Lunenburg Bay (LB), the Gulf of Maine (GoM), and the central 

Scotian Shelf (ScS) adjacent to Halifax. These three sub-regions are selected for my thesis 

work for many considerations including availability of high-quality observations of ocean 

currents and surface waves made by various instruments, which are of great importance to 

assess the performance of the coupled wave-circulation modelling system and examine the 

significant effects of WCIs based on the observations and model results over these sub-

regions. 
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Figure 1.2: Major topographic features over the Labrador-Newfoundland Shelves, Grand 

Banks, Gulf of St. Lawrence, Scotian Shelf, and Gulf of Maine. The rectangles (from left 

to right) outline the Gulf of Maine, Lunenburg Bay, and central Scotian Shelf adjacent to 

Halifax, respectively. The blue triangles denote wave buoy locations, and the red circles 

denote the high frequency (HF) radar stations. The black and gray contour lines represent 

respectively the 60 m and 200 m isobaths. Abbreviations are used for the Bay of Fundy 

(BoF), Northeast Channel (NEC), Georges Bank (GB), Great South Channel (GSC).    
 

The LB (Fig. 1.2) is a semi-enclosed bay located on the south coast of Nova Scotia. 

The nonlinear feedback of surface gravity waves on ocean currents is expected to be 

significant over this coastal region where depth-limited wave breaking takes place. In 

2001-06, a multiagency research initiative was undertaken to develop a relocatable marine 

environmental observation and prediction system, using data-assimilative and coupled 
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models guided directly by real-time observations, for interdisciplinary research in LB. 

High-quality current and wave observations were made in LB when Hurricane Juan made 

a landfall within 50 km of the site in September 2003 (Wang et al., 2007). Previous studies 

of ocean currents and surface gravity waves in LB during Hurricane Juan were made by 

using a circulation-only model without inclusion of the surface wave force (Wang et al., 

2007; Sheng et al., 2009) or using a depth-integrated (2D) surface wave force (Mulligan et 

al., 2008). Simulations of 3D coastal currents in LB with the effect of the 3D surface wave 

force on currents were not made. 

The GoM (Fig. 1.2) is a semi-enclosed coastal basin bordered by the northeastern 

United States and the Canadian Maritime Provinces. The GoM is characterized by large 

semidiurnal M2 tidal currents, with the worldôs largest tidal range of ~16 m in the upper 

reaches of the Bay of Fundy (Greenberg 1983; Hasegawa et al. 2011). The semidiurnal 

tidal currents are also strong and up to 1.0 m/s over the mouth of the GoM. Since the mouth 

of the GoM is exposed to large swell waves coming from the North Atlantic Ocean, strong 

tidal modulations in surface waves are expected to occur. The scientific issues on tidal 

modulations of surface waves in the GoM, however, were not addressed until recently. Sun 

et al. (2013) showed that effects of ocean currents on waves were insignificant at buoys 

located in the inner GoM during a hurricane event. On the contrary, Xie and Zou (2017) 

demonstrated large impacts of ocean currents on wave heights on Georges Bank during a 

storm event based on numerical results. It is noted that these two studies focused mainly 

on short time-scales associated with a single storm event. The relevant physical processes 

controlling the wave modulation by tidal currents in the GoM were not fully addressed. 

The central ScS adjacent to Halifax (Fig. 1.2) is part of the continental shelf, located 

southwest of Nova Scotia. The ScS is dynamically connected with geographic areas of the 

Gulf of St. Lawrence and the GoM. The general mean circulation on the ScS is 

characterized by a persistent southwestward coastal jet (known as the Nova Scotia Current) 

centered at approximately 45 km off the coast. Temporal variability in the circulation over 

this region features highly intermittent storm-induced near-inertial oscillations with 

maximum speeds of order 0.20 m/s (Anderson and Smith, 1989). As part of the Marine 

Environmental Observation, Prediction and Response (MEOPAR) network, a high 
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frequency (HF) radar system (CODAR) with two long-range HF radars was deployed off 

Halifax Harbour, Nova Scotia in 2015 to monitor surface ocean currents over this region. 

This new system produces high-frequency (hourly) and high spatial resolution (~7 km) 

maps of surface ocean currents, providing a rich database for the study of the surface ocean 

circulation over this region. Furthermore, it provides a source of observation to assess the 

model performance, especially with the inclusion of WCIs, in simulating ocean currents 

over this sub-region. 

1.2 Objectives of the Thesis  

The main objective of my doctoral research was to examine the effects of WCIs, as well as 

contributions from different WCI mechanisms, on surface gravity waves and 3D ocean 

circulation in the eastern Canadian waters using observations and numerical models. The 

important WCI mechanisms on surface waves considered in this thesis include the relative 

wind effect, current-induced convergence, refraction, and wavenumber shift. The 

important WCI mechanisms on the 3D ocean circulation examined in this thesis include 

the 3D wave force, the breaking wave-induced mixing, and the wave-induced vertical 

Reynolds stress. 

Specifically, my thesis research was carried out for three specific regional ocean waters 

of the ECS including: (1) LB, (2) GoM, and (3) central ScS adjacent to Halifax. On the 

ECS, my thesis work focused on the study of effects of WCIs on the surface gravity waves 

and 3D ocean circulation under extreme weather conditions. In LB, my thesis work focused 

on the performance assessment of two major different formulations (i.e., RS and VF) for 

the nonlinear feedback of surface gravity waves on 3D ocean currents. In the GoM, my 

thesis work explored the semidiurnal tidal modulation in surface gravity waves over this 

region. On the central ScS adjacent to Halifax, my thesis work first examined the newly 

HF radar-derived surface circulation features, with a focus on the modulation of the near-

inertial oscillations by low frequency current variations. Then the HF-radar data during a 

particular winter storm were used to further study the effects of surface waves on the storm-

induced 3D currents, with a special emphasis on the wave-induced vertical Reynolds stress. 

To achieve the above objectives, a two-way coupled wave-circulation modelling 
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system was developed, as part of my thesis work. The coupled modelling system (Fig. 1.3) 

consists of a 3D circulation model based on the Princeton Ocean Model (POM) and a third-

generation wave model based on WAVEWATCH III  (WW3) or Simulating WAves 

Nearshore (SWAN). The circulation model and the wave model communicate with each 

other via a dynamic coupling software known as OpenPALM (Fig. 1.4). 

1.3 Outline of the Thesis  

The structure of this thesis is as follows. In Chapter 2, a two-way coupled wave-circulation 

modelling system is discussed, with a special emphasis on the implementation of two major 

different formulations (i.e., VF and RS) for the nonlinear feedback of surface gravity waves 

on the 3D ocean currents. The performances of the coupled modelling system using the 

two different formulations are assessed in two idealized test cases and in a realistic 

application in LB during Hurricane Juan. 

 

 

 

Figure 1.3: Two-way coupled wave-current modelling system based on an ocean 

circulation model (POM) and an ocean wave model (WW3 or SWAN). An external coupler 

known as Open PALM is used to exchange information between the circulation and wave 

models. 
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Figure 1.4: The graphical user interface (GUI) of the OpenPALM coupler. OpenPALM 

allows the concurrent execution and the intercommunication of programs not having been 

especially designed for that.  

 

In Chapter 3, the coupled wave-circulation modelling system is applied to the ECS and 

adjacent deep waters to examine the effects of WCIs on surface waves and 3D ocean 

circulation under three severe storm events: (a) Hurricane Juan, (b) Hurricane Bill and (c) 

a severe winter storm known as ñWhite Juanò. Contributions from different WCI 

mechanisms are further investigated through process-oriented numerical experiments.  

In Chapter 4, the in-situ oceanographic measurements made with operational wave 

buoys in the GoM are analyzed to investigate the semidiurnal tidal modulation in surface 

gravity waves. The coupled modelling system used in Chapter 3 is applied to examine the 

relevant physical processes controlling the tidal modulation over this region. 

In Chapter 5, the HF-radar measurements on the central ScS adjacent to Halifax during 

three winter months are analyzed to examine the observed surface circulation features, with 
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a special focus on the modulation of the near-inertial oscillations by low frequency current 

variations over this sub-region. Two advanced shelf circulation models with different 

strengths are further used to examine these newly observed circulation features and 

relevant physical processes. 

In Chapter 6, the HF-radar measurements described in Chapter 5 during a particular 

winter storm are used to study the effects of surface gravity waves on ocean currents, with 

a special emphasis on the wave-induced vertical Reynolds stress. The same coupled 

modelling system in Chapter 3 updated with the implementation of the wave-induced 

vertical Reynolds stress is used for this study. 

An overall summary and conclusion is given in Chapter 7. 

Chapters 2-6 are based on five separate papers. Therefore, some similar background 

material can be found in these Chapters. In particular, text describing the WCI physics, as 

well as the model setup are similar in several chapters. Chapter 2 was published in 

Continental Shelf Research under the title of ñAssessing the performance of formulations 

for nonlinear feedback of surface gravity waves on ocean currents over coastal watersò 

(Wang et al., 2017). Chapter 3 was published in the Journal of Geophysical Research-

Oceans under the title of ñA comparative study of wave-current interactions over the 

eastern Canadian shelf under severe weather conditions using a coupled wave-circulation 

modelò (Wang and Sheng, 2016). Chapter 4 was published in the Journal of Physical 

Oceanography under the title of ñTidal modulation of surface gravity waves in the Gulf of 

Maineò (Wang and Sheng, 2018). Chapter 5 was submitted to the Journal of Physical 

Oceanography under the title of ñModulation of near-inertial oscillations by low frequency 

current variations on the inner Scotian Shelfò. Chapter 6 has been submitted to the Journal 

of Geophysical Research-Oceans under the title of ñEffects of wave-induced vertical 

Reynolds stress on ocean currents over the Scotian Shelf during a winter stormò. Copyright 

permission letters for Chapters 2, 3 and 4 are provided in Appendix F. 
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CHAPTER 2  

ASSESSING THE PERFORMANCE OF FORMULATIONS FO R 

NONLINEAR FEEDBACK OF SURFACE GRAVITY WAVES ON 

OCEAN CURRENTS OVER COASTAL WATERS 1 

2.1 Introduction  

Interactions between ocean surface gravity waves and three-dimensional (3D) ocean 

currents are an important research topic in the ocean science community, especially for the 

nonlinear feedback of surface waves on the 3D ocean currents. A good understanding of 

the wave-current interactions (WCIs) is of great importance for accurate predictions of 

ocean currents and waves over coastal and shelf waters. The effect of ocean surface waves 

on ocean currents is usually specified in terms of a ñvortex forceò (VF) formulation or a 

ñradiation stressò (RS) formulation in the 3D Reynolds-averaged Navier-Stokes equations 

for the 3D ocean currents. The RS formulation was first introduced by Longuet-Higgins 

and Stewart (1964, hereinafter LS64) as a depth-integrated (2D) version defined as an 

excess momentum flux in the presence of ocean surface gravity waves. Mellor (2003, 

hereinafter M03) extended the LS64ôs 2D RS formulation to a depth-dependent (3D) 

version using a wave-following vertical coordinate. Since then, Mellorôs RS formulation 

has undergone several modifications following scientific debates in the community. 

Ardhuin et al. (2008a) pointed out that the estimation of a vertical flux of wave momentum 

(vertical radiation stress terms, hereinafter VRS) based on the linear wave theory in M03 

                                                             
1 Wang, P. J. Sheng, and C. G. Hannah, 2017. Assessing the performance of formulations for nonlinear 

feedback of surface gravity waves on ocean currents over coastal waters. Continental Shelf Research, 

146, 102-107. 
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is insufficient for its application to a sloping bottom. Consequently, Mellor (2008, 2011 

hereinafter M08-11) modified M03ôs RS formulation by introducing a surface concentrated 

Delta function. More recently, Mellor (2015, M15) found an error in the expression of the 

pressure term in LS64 as well as in M03, which led to the erroneous surface singular term 

in M08-11. The latest version of RS in M15 is identical to that in M03 except that the VRS 

term is dropped out, which is contrary to Ardhuin et al. (2008a, 2008b)ôs argument that this 

term should be given a consistent estimation using a more complex wave theory. In 

equations based on the RS formulation, the prognostic dependent variable is the Lagrangian 

mean velocity, namely the combined Eulerian velocity and Stokes drift, which satisfies the 

non-divergent continuity equation. The vertical component of the Stokes drift is nil, and in 

general, the Eulerian velocity and Stokes drift are separately divergent. 

The VF formulation contains a vortex force term, which is a function of Stokes drift 

and current vorticity. The vortex force term was first introduced by Craik and Leibovich 

(1976) for describing Langmuir circulations. McWilliams et al. (2004) extended the work 

of Craik and Leibovich (1976) and presented a set of 3D wave-averaged equations with the 

Eulerian mean theory. These equations were obtained by a multiple asymptotic scale 

analysis, in which waves and currents are separated in amplitude and horizontal space and 

time scales. In these equations, the wave-averaged effects on currents are represented as a 

combination of VF formulation and a modified pressure which is theoretically equivalent 

to the RS representation (Lane et al., 2007). With the generalized Lagrangian theory 

(Andrews and McIntyre, 1978), Ardhuin et al. (2008b) derived a different set of wave-

averaged equations that is generally consistent with those of McWilliams et al. (2004) for 

cases of weak vertical current shears. The equations presented by Ardhuin et al. (2008b) 

describe the evolution of the quasi-Eulerian velocity (Andrews and McIntyre, 1978), which 

differs from the Eulerian velocity only due to the current vertical shear. Thus, for the case 

of weak current vertical shear, the quasi-Eulerian velocity for the VF formulation and the 

Eulerian velocity for the RS formulation are comparable. The vertical Stokes drift in 

equations based on the VF formulation is non-trivial, and the quasi-Eulerian velocity and 

Stokes drift are separately non-divergent. 

The performance of previous versions of Mellorôs RS formulation (i.e., M03 and M08-
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11) over the surf zone was assessed by Haas and Warner (2009), Bennis et al. (2011), 

Kumar et al. (2011), and Moghimi et al. (2013) in idealized test cases and field experiments. 

Bennis et al. (2011) found that M03ôs RS formulation produces very large spurious 

velocities over a sloping bottom due to its insufficient estimation of the VRS term. Kumar 

et al. (2011) and Moghimi et al. (2013) found that M08-11ôs RS formulation creates 

unrealistic flows in the wave shoaling region. Despite its known limitation, Mellorôs RS 

formulation has been widely implemented in various coastal ocean models and found to be 

able to improve the model performance. For example, Bolaños et al. (2014) found that the 

inclusion of M03ôs RS formulation improves the modeled depth-mean currents and the 

long-term residual circulation in a tide dominated estuary. Staneva et al. (2016) found that 

both the simulated sea level and currents in the German Bight are improved during an 

extreme event by implementing M08-11ôs RS formulation in their coastal ocean circulation 

model. On the other hand, the VF formulation of McWilliams et al. (2004) was validated 

by Uchiyama et al. (2010) and Kumar et al. (2012), and the VF formulation of Bennis et 

al. (2011, hereinafter BAD11), which is a simplified form of the VF formulation of Ardhuin 

et al. (2008b), was validated by Michaud et al. (2012) and Moghimi et al. (2013). The VF 

formulation was found to be able to produce reasonable 3D nearshore circulations. More 

recently, however, Mellor (2016) questioned existences of the vortex force term and the 

non-zero vertical Stokes drift term in McWilliams et al. (2004), and argued that equations 

of McWilliams et al. (2004), upon vertical integration, disagree with those of LS64, which 

are deemed to be correct in the 2D case. Apart from the applicability of Mellorôs approach 

to a sloping bottom, Lane et al. (2007) showed that the lowest-order RS formulation suffers 

from being asymptotically inconsistent, since it cannot encompass the vortex force effects, 

which could affect the currents evolution at a higher order, unless currents are strong 

compared to wave orbital velocities. It is foreseen, therefore, that scientific debates about 

these two formulations will continue. It should be noted that the latest version of RS 

formulation suggested by M15 has not been assessed and compared with the VF 

formulation over coastal waters in the literature.  

In this study, we conduct numerical experiments to assess performances of BAD11ôs 

VF formulation and M15ôs RS formulation in two idealized cases and a realistic application. 

The first idealized test case was suggested originally by Haas and Warner (2009), which 
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consists of spectral waves obliquely approaching a mildly sloping planar beach. The second 

case was initially designed by Haller et al. (2002) in the wave basin at the University of 

Delaware, which consists of the generation of the rip current over a barred beach with 

normally incident waves. These two test cases were used previously in the community for 

assessing performances of coupled wave-circulation models (Haas and Warner, 2009; 

Kumar et al., 2011; Michaud et al., 2012). The realistic application consists of simulating 

the storm-induced 3D circulation during the landfall of a hurricane in Lunenburg Bay, 

which is a semi-closed bay located to the south coast of Nova Scotia.  

The coupled wave-circulation modelling system implemented with VF and RS 

formulations is described in section 2.2. Performance assessments of two formulations with 

two idealized test cases are given in section 2.3. Applications of the coupled system with 

the use of these two formulations in Lunenburg Bay during Hurricane Juan are discussed 

in section 2.4. The summary and discussion are provided in section 2.5. 

2.2 The Coupled Wave-Circulation Modelling System 

The two-way coupled wave-circulation modelling system consists of a 3D ocean 

circulation model based on the Princeton Ocean Model (POM), and a third-generation 

wave model known as Simulating WAves Nearshore (SWAN). An automatic coupler is 

used to exchange information between the circulation and wave models at a selected 

coupling time interval. 

2.2.1 Ocean Circulation Model 

POM (Mellor, 2004) is a 3D, sigma coordinate, primitive-equation ocean circulation model. 

The wave effects on the 3D circulation are specified in POM using the 3D surface wave 

forces specified in terms of the VF and RS formulations, and breaking wave-induced 

mixing. 

2.2.1a The Vortex Force Formulation  

Equations based on the VF formulation describe the evolution of the quasi-Eulerian 

velocity vector όȟὺȟύ  given as,  
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όȟὺȟύ όȟὺȟύ Ὗȟὠȟὡ                         (2.1) 

where Ὗȟὠȟὡ  are components of the Stokes drift velocity and όȟὺȟύ  are 

components of the mean Lagrangian velocity in the horizontal ὼȟώ and vertical ᾀ 

directions, respectively. Following BAD11, the flux form of momentum equations is 

written as: 

Ὢὺ  Ὢὠ  

Ὗ ὠ Ὂȟ Ὂȟ             (2.2) 

Ὢό ὪὟ    

Ὗ ὠ Ὂȟ Ὂȟ              (2.3) 

and the continuity equation is expressed as 

π                          (2.4) 

where Ὢ is the Coriolis parameter, ” is a reference density, ὴ is the hydrostatic pressure, 

ὊȟȟὊȟ  represents the mixing effects for exchanging or redistributing the momentum 

vertically, ὊȟȟὊȟ  represents the non-conservative force of dissipation due to wave 

breaking, and ὐ is the Bernoulli-head (or wave-induced mean pressure) given as 

 ὐ ḀὫ
ȟ
Ὠ„Ὠ—                         (2.5) 

where Ὁ„ȟ— is the frequency-direction variance spectrum computed from SWAN, Ὧ 

is the wavenumber, „ ὫὯὸὥὲὬὯὨ is the relative radian frequency, Ὠ Ὤ – is the 

total water depth. It should be mentioned that in the flux forms of Eqs. (2.2) and (2.3), the 

vortex force terms do not appear explicitly and their contributions are incorporated in the 

advection terms. 

With the mode splitting, the equation for the surface elevation – can be expressed as 
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ό Ὗ ὺ ὠ ύ ὡ                  (2.6) 

Using the flux form formulation, the term (ύ ὡ  can be treated as one variable, and the 

calculation of ὡ  is not needed. The horizontal Stokes drift velocity vector must be known 

and it is defined as 

Ὗȟὠ Ḁ„▓Ὁ„ȟ— Ὠ„Ὠ—                (2.7) 

where ▓ is the wavenumber vector. In the deep ocean ὯὨO Њ, the hyperbolic function 

terms in (2.4) and (2.7) approach to ÅØÐ ςὯὨ. 

Expressions for ὊȟȟὊȟ  are given as 

ὊȟȟὊȟ
▓
‰ bᾀ      ×ÉÔÈ bᾀᶿÃÏÓÈ                (2.8) 

where ‰  is the dissipation function of a spectral wave model, bᾀ is a vertical 

distribution function suggested by Uchiyama et al. (2010) following the vertical 

distribution of the Stokes drift in (2.7), Ὄ is the significant wave height, and ὥ πȢς is 

a constant. 

2.2.1b The Radiation Stress Formulation  

Equations based on M15ôs RS formulation describe the evolution of the Lagrangian mean 

velocity vector όȟὺȟύ  defined as: 

π                             (2.9) 

Ὢὺ Ὂȟ         (2.10) 

Ὢό Ὂȟ         (2.11) 

where the radiation terms (Ὓ ȟὛ ȟὛ ) are given by: 
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Ὓ ὫḀὯὉ„ȟ— Ὂ Ὂ Ὂ Ὂ Ὂ Ὂ Ὠ„Ὠ—        (2.12a) 

Ὓ Ὓ ὫḀὯὉ„ȟ— Ὂ Ὂ Ὠ„Ὠ—                  (2.12b) 

Ὓ ὫḀὯὉ„ȟ— Ὂ Ὂ Ὂ Ὂ Ὂ Ὂ Ὠ„Ὠ—        (2.12c) 

where Ὧ and Ὧ are the wavenumber components in the ὼ and ώ direction, and the 

vertical structure functions are: 

Ὂ Ƞ    Ὂ                       (2.13a) 

Ὂ Ƞ    Ὂ                      (2.13b) 

As ὯὨO Њ, all the Ὂ terms in (2.13a) and (2.13b) approach to ÅØÐ Ὧᾀ – . In 

M03, the vertical radiation stress (VRS) terms (ie, ‬Ὓ Ⱦ‬ᾀ and ‬Ὓ Ⱦ‬ᾀ) appear 

on the right side of (2.10) and (2.11), which are omitted in M15 to be consistent with 

assumptions made in the linear wave theory. It should be noted that that the VRS terms 

have zero values of their depth integrations, and their role is to redistribute the wave 

momentum in the vertical direction. 

2.2.1c The Breaking-Wave Induced Mixing 

The Mellor-Yamada (MY) vertical mixing scheme (Mellor and Yamada, 1982) is used in 

calculating the vertical eddy viscosity coefficient in the POM, in which the surface 

boundary condition without surface gravity waves is expressed as 

ήȟήὰ ὄ
Ⱦ
όzȟπ     ὥὸ ᾀ π                  (2.14) 

where ή is twice the turbulent kinetic energy (TKE), ὰ is the length scale at the sea 

surface, ὄ ρφȢφ is one of constants for the turbulence closure, and όz is the friction 

velocity. Craig and Banner (1994) suggested that within a few meters from the sea surface 

the vertical eddy mixing is enhanced by the action of surface gravity waves. They 

incorporated the effect of breaking waves via an enhanced flux of the TKE at the sea 

surface. The surface boundary condition for the turbulent equation in the coupled model is 
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expressed by 

ὑ
Ⱦ

‰      ὥὸ ᾀ π                      (2.15) 

where ὑ  is the mixing coefficient. In addition, the surface length scale is set as ὰ ‖ᾀ, 

where ʆ πȢτ is the von Karman's constant. The surface roughness length ᾀ is related 

to Ὄ and defined as ᾀ 1.6Ὄ according to Terray et al. (1996, 1999). 

2.2.2 Ocean Wave Model 

SWAN (Booij et al., 1999) is a third-generation wave model that solves the wave action 

ὔ„ȟ—
ȟ

 balance equation which accounts for the WCIs, 

ὧ όὔ ὧ ὺὔ ὧὔ ὧὔ        (2.16) 

The first term on the left-hand side of (2.16) represents the local rate of change of action 

density in time, the second and third terms represent the wave propagation in spatial space 

(with propagation velocities ὧ ό and ὧ ὺ in ὼ and Ù space, respectively) which 

accounts for horizontal advection of waves by currents, and όȟὺ represents ocean 

currents at depth of ,Ⱦτʌ (Fan et al., 2009; Stewart and Joy, 1974), where , is the mean 

wave length. The fourth term represents depth- and current-induced relative frequency 

shifting (with propagation velocity ὧ in „ space). The fifth term represents depth- and 

current-induced wave refraction (with propagation velocity ὧ in — space). The right-

hand side of (2.16) contains the net source term Ὓ , which includes all physical processes 

that generate, dissipate and redistribute the wave energy. In the source term, the surface 

wind velocity vector ╤  used to calculate the wave growth due to winds is replaced by 

(╤ ɻ╤), which is the vector difference between the surface wind velocity and surface 

ocean current. Here ɻ is a tuning coefficient. It should be pointed out that the use of the 

full ocean surface current (ɻ ρ) will exaggerate the relative wind effect since the relevant 

level at which the wind should be taken is the top of the atmospheric surface layer where 

the winds do not adjust to the presence of currents (Ardhuin et al., 2012). In this study, we 

set ɻ 0.7 according to Wang and Sheng (2016). In addition to currents, the sea surface 



 19 

elevation modifies the total water depth used in the wave model, which is expected to be 

large in the very shallow water regions where surface waves could feel the ocean bottom. 

2.2.3 Coupling Procedure 

The dynamic coupling software known as OpenPALM (Fig. 1.4) is used to exchange 

information between POM and SWAN. OpenPALM is an open source code coupler for 

massively parallel multi-physics/multi-components applications and dynamics algorithm 

(http://www.cerfacs.fr/globc/PALM_WEB/index.html). One of the important features in 

OpenPALM is facilities for scheduling of different coupling components execution either 

sequentially or concurrently. At a user-specific coupling interval, the sea surface currents 

and water level fields produced by POM are transferred to SWAN to account for the WCIs. 

In return, fields of wave parameters calculated in SWAN are transferred to POM to 

calculate the wave-averaged effects on the 3D currents.                                                                                                                   

2.3 Two Idealized Test Cases 

2.3.1 Test Case 1: Spectral Waves Obliquely Incident on a Planar Beach 

The dimension of the planar beach is 1000 m in the cross-shore direction (defined as the 

x-axis) and 200 m in the longshore direction (the y-axis), with a maximum depth of 12 m 

and a constant slope of 1:80. The model grid has a resolution of 20 m in the horizontal 

direction, and 20 equally distributed sigma levels in the vertical. In both the test cases, we 

put the shoreline and offshore open boundary at the west and east ends of the model domain, 

respectively. A quadratic bottom stress formulation is used in the POM with a constant drag 

coefficient of 1.5 10
-3

. A radiation boundary condition is specified at the offshore open 

boundary of the circulation model. The lateral open boundary conditions in the y direction 

are cyclic. The Earth's rotation is excluded since the barotropic Rossby radius is very large 

in this case, in comparison with the dimension of the study region. The wave field is 

computed using SWAN by specifying a JONSWAP spectrum with a significant wave height 

(Ὄ) of 2 m, a peak period of 10 s and an incident angle of 10o at the offshore boundary. 

The spectral domain consists of 90 directional bins and 30 frequencies between 0.04 and 

0.5 Hz. To be consistent with previous studies, the coupling in this test case is one-way in 

http://www.cerfacs.fr/globc/PALM_WEB/index.html
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which the simulated wave fields produced by SWAN are used in specifying the VF (or RS) 

formulation in the POM, without any feedback from the circulation model to the wave 

model. It should be noted that for this test case only we conducted an additional experiment 

for M03ôs RS formulation to discuss the role of the VRS term. 

 

 

Figure 2.1: Cross-shore distributions of (a) surface elevations, (b) depth-mean cross-shore 

currents and (c) depth-mean along-shore currents in the planar beach test case produced by 

the circulation model of the coupled wave-circulation modelling system using the VF (blue 

dashed lines) and RS (green solid lines) formulations. Red cross symbols represent 

analytical solutions. 

 

The surface gravity waves shoal after entering the model domain from the offshore 

open boundary and start to break around 400 m from the shoreline, at which the depth-

limited breaking criterion is reached. The coupled wave-circulation modelling system is 

integrated for one hour by which a steady-state of the circulation is reached. It should be 

mentioned that an analytical solution for the surface elevation and barotropic velocities in 

this test case is given by Uchiyama et al. (2010). As shown in Figure 2.1a, inside the surf 

zone (the region of breaking waves), the sea level rises up to 0.2 m to balance the variation 
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of surface wave forces in the cross-shore direction due to wave breaking. Meanwhile, an 

off-shore flow is generated to compensate the wave-induced onshore mass transport (Fig. 

2.1b). In the along-shore direction, strong longshore currents up to 1 m s-1 are generated 

due to the angle of wave approaching on the shoreline (Fig. 2.1c). The use of the VF and 

RS (M03 or M15) formulations in the coupled wave-circulation modelling system leads to 

highly similar sea surface elevations, depth-mean cross-shore and along-shore currents in 

this test case, which agree fairly well with the analytical solution produced by Uchiyama 

et al. (2010). 

Figures 2.2d-f demonstrate that the longshore currents produced by the circulation 

model using the VF and RS (M03 or M15) formulations have similar vertical structures 

inside the surf zone. Significant differences occur, however, in vertical structures of cross-

shore currents between these two formulations (Figs. 2.2a-c). For the VF formulation, the 

cross-shore currents have a two-layer circulation feature inside the surf zone, with a weak 

onshore flow near the sea surface and a strong undertow (up to 0.25 m s-1) near the bottom 

(Fig. 2.2a), which is mainly driven by the sum of the pressure gradient induced by the 

surface slope, the Bernoulli-head and the breaking acceleration (Fig. 2.2g). Outside the surf 

zone, the cross-shore flow is nearly uniform and offshore directed. The model results using 

the VF formulation are consistent with previous numerical experiments (Uchiyama et al., 

2010; Michaud et al., 2012) and laboratory observations (Ting and Kirby, 1994) over a 

planar beach. For M15ôs RS formulation, the flow is offshore directed at the surface and 

decreases with depth inside the surf zone, and has a two-layer circulation feature with 

strong onshore flow in the top few meters and seaward flow in the lower layer outside the 

surf zone (Fig. 2.2b). The net force excluding mixing or friction is the sum of the pressure 

gradient and the radiation stress gradient, which has opposite vertical structure inside and 

outside the surf zone (Fig. 2.2h). In comparison, for M03ôs RS formulation, the sign of the 

net force inside the surf zone is completely reversed vertically by the inclusion of the VRS 

(Fig. 2.2i), and correspondingly the flow is reversed with a weak undertow near the bottom 

(Fig. 2c). Outside the surf zone, the effect of the VRS on the net force is negligible. 

Therefore, the omission of the VRS seems to be justified outside the surf zone but not 

inside the surf zone where the linear wave theory assumptions are violated. However, 

Ardhuin et al. (2008a) showed that, even outside the surf zone, M03ôs estimation of the 
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VRS based on the linear wave theory is inadequate over a slopping bottom. They proposed 

a method to correct for M03ôs estimation of the VRS, which brings the net force to be 

nearly uniform over the vertical, but it is computational expensive. This highly non-

uniform net force under non-breaking wave conditions induces a recirculation similar to 

that found in an adiabatic test case using M03ôs RS formulation by BAD11, and it might 

have some consequences for applications with complex topography as we will show in the 

realistic application. 

 
 

 

Figure 2.2: Vertical distributions of cross-shore (upper panels), along-shore (middle panels) 

Eulerian currents, and cross-shore net force (lower panels) in the planar beach test case 

produced by the circulation model of the coupled wave-circulation modelling system using 

the VF (left panels), RS (M15) (middle panels), and RS (M03) (right panels) formulations. 

The net force is defined as & Ὂȟ, & , and 

& . Positive cross-shore currents are off-shore directed, 

and negative along-shore currents point out of the page. 
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2.3.2 Test Case 2: Rip Current over a Barred Beach 

The bathymetry used in this test case is a scaled version of the bathymetry of Haller et al. 

(2002) by a factor of 10 (Fig. 2.3a). The model domain has a horizontal dimension of 146 

m by 262 m in the cross-shore (defined again as the x-axis) and along-shore (y-axis) 

directions respectively, with a horizontal resolution of 2 m. The circulation component of 

the coupled model has 8 sigma levels in the vertical direction. No-slip boundary conditions 

are used at the coast, offshore and lateral boundaries. A quadratic bottom friction 

parameterization with a bottom roughness height of 0.015 m is used. The Coriolis effect is 

excluded for the same reason in the first test case. At the offshore open boundary, SWAN 

is forced by a JONSWAP wave spectrum with a Ὄ of 0.5 m, and a peak period of 3.16 s, 

perpendicular to the coast. The spectral resolution is 36 directional bins and 20 frequency 

bins between 0.05 and 1 Hz. The coupling interval between POM and SWAN is set to be 

10 s. 

 

 

Figure 2.3: (a) Bathymetry for the barred beach test case. Model results along the green 

lines are presented in (b), (c), and Figure 2.5. Cross-shore distributions of (b) significant 

wave heights and (c) sea surface elevations through the channel at y = 176 m and over the 

bar at y = 130 m for the VF and RS formulations. 
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We follow Kumar et al. (2011) and Michaud et al. (2012) and use a relatively large 

horizontal diffusion coefficient (0.20 m2 s-1) in the circulation model in order to reach a 

stable circulation quickly for direct comparisons of our results using two different feedback 

formulations with previous studies. Figures 2.3b and 2.3c present the cross-shore profiles 

of Ὄ  and sea surface elevations, respectively, over the rip channel and the bar. The 

simulated Ὄ and sea surface elevations produced by the circulation model are very similar 

in both the cases of using the VF and RS formulations. Through the rip channel, significant 

wave shoaling occurs due to the interaction between the onshore directed waves and 

offshore directed currents. The surface gravity waves propagate shoreward through the rip 

channel and start to break at about 38 m from the coast. Over the bar, wave breaking starts 

at about 36 m from the coast and then takes place again close to the shoreline at about 18 

m (Fig. 2.3b). Different wave breaking patterns through the channel and over the bar lead 

to different sea levels (i.e. wave-induced set-up) inside the bar location (Fig. 2.3c). Through 

the channel, the surface elevations first decrease due to the wave-induced set-down and 

then increase almost linearly towards the shoreline (Fig. 2.3c). Over the bar, the surface 

elevations also increase towards the shoreline, but there is a sharp increase just behind the 

bar location. Different sea level distributions at the channel and over the bar lead to a large 

horizontal pressure gradient in the along-shore direction that causes water flow from high 

surface elevations to low surface elevations. The convergence of longshore currents at the 

channel generates the rip current and transports the excess of water brought by waves 

offshore (Fig. 2.4).  

The depth-mean current fields produced by the circulation model using VF and RS 

formulations are also highly similar in terms of the general pattern and intensity (Fig. 2.4). 

The depth-mean currents in both the cases feature narrow strong currents running out 

through rip channels and recirculation cells developed both inside and outside the bar. The 

model calculated depth-mean currents in both cases are in a very good agreement with 

previous laboratory experiments (Haller, 2002) and numerical studies (Kumar et al., 2011; 

Michaud et al., 2012). Large differences occur, however, in the vertical structure of cross-

shore currents through the rip channel and over the bar (Fig. 2.5a-d). In the case of the VF 

formulation (Fig. 2.5a), the flow over the inshore of the rip channel is onshore directed 

near the surface and decreases in magnitude with depth, with weak and offshore directed 
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flow near the bottom. In the case of the RS formulation (Fig. 2.5c), the onshore directed 

flow over the inshore region is almost uniformly distributed throughout the water column. 

Within the rip channel and further offshore, a strong offshore-directed flow is developed 

and the flow structures produced by the model with the use of both formulations are similar: 

the current velocity reaches a maximum of ~0.3 m s-1 in the middle of the water column 

and decreases in magnitude towards the surface and bottom. Inshore of the bar location, 

the flow structures produced by the model differ between the two different formulations. 

For the VF formulation (Fig. 2.5b), the flow is shoreward near the surface and offshoreward 

near the bottom due to wave breaking in the surf zone. For the RS formulation (Fig. 2.5d), 

however, the flow is offshoreward in the vertical with the offshore speeds decreasing with 

depth, which is similar to the results inside the surf zone in the planar beach test case. 

Further offshore, both feedback formulations give similar results with onshoreward flow 

near the surface and offshoreward flow near the bottom. 

 

 

Figure 2.4: Depth averaged fields of (a) quasi-Eulerian velocity produced by the coupled 

system using the VF formulation and (b) Eulerian velocity produced by the coupled system 

using the RS formulation. 



 26 

 

Figure 2.5: Vertical distributions of cross-shore quasi-Eulerian velocity produced by the 

circulation model using the VF formulation (a) through the rip channel at y = 176 m and 

(b) over the bar at y = 130 m, and Eulerian velocity produced by the circulation model 

using the RS formulation (c) through the channel and (d) over the bar. Comparison of 

normalized model derived cross-shore velocity with normalized observations from Haas 

and Svendsen (2002) at (e) the channel and (f) 4 m off the channel. Vertical black lines in 

(e) and (f) indicate locations of measurements and zero value for each profile. 

 

We follow Kumar et al. (2011, 2012) and conduct a semi-quantitative comparison 

between the observed and modeled vertical structure of the cross-shore currents within the 

rip channel and further offshore. The observed velocity profiles were obtained from the bin 

averaged velocities of Test R in Haas and Svendsen (2002, HS2002) at all reported 
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locations (Figs. 2.5e and 2.5f). The observed and modeled velocities are normalized by the 

corresponding maximum cross-shore velocities at the bar crest (x = 33 m), respectively. As 

shown in Figure 2.5e and 2.5f, the normalized cross-shore velocity profiles produced by 

the model using both feedback formulations agree reasonably well with measurements of 

HS2002 at their observation locations. 

Analyses of model results with two different formulations for WCIs in the above-

mentioned two test cases indicate that, after the omission of the VRS term, the latest version 

of RS formulation in M15 performs even worse in reproducing the observed vertical 

structure of the cross-shore currents inside the surf zone. By comparison, the VF 

formulation, which separates the 3D wave force into conservative force (vortex force and 

Bernoulli head) and non-conservative force due to wave breaking, performs reasonably 

well in simulating the wave-forced currents inside the surf zone. The satisfactory model 

results in the two test cases indicate that these two different formulations are implemented 

correctly in the coupled wave-circulation modelling system. The latter will be applied to 

simulate waves and 3D currents over a coastal embayment to be discussed in the next 

section. 

2.4 A Realistic Application in Lunenburg Bay during Hurricane Juan 

In years 2001-06, a multiagency research initiative was undertaken to develop a relocatable 

marine environmental observation and prediction system, using data-assimilative and 

coupled models guided directly by real-time observations in Lunenburg Bay (LB, Fig. 2.6). 

High-quality current and wave observations were made in LB when Hurricane Juan made 

a landfall within 50 km of the site in September 2003 (Wang et al., 2007).  

  Hurricane Juan was an intense tropical cyclone and caused heavy damage in Nova Scotia 

and Prince Edward Island in late September 2003. Hurricane Juan reached category 2 

strength on the Saffir-Simpson hurricane scale on 27 September and made landfall on the 

south coast of Nova Scotia near Halifax early on 29 September (Fig. 2.6), with maximum 

sustained winds of about 158 km h-1 and a rapid translation speed of about 20 m s-1. The 

storm-induced 3D circulation in LB during Hurricane Juan was previously examined by 

Wang et al. (2007) using a 3D fine-resolution (60 m) coastal circulation model, and re-
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examined by Sheng et al. (2009) using a more advanced nested-grid circulation model. 

Both studies reproduced reasonably well the observed currents under normal conditions, 

but less well during extreme weather conditions (Fig. 9 in Wang et al., 2007), which may 

be due mostly to the omission of surface gravity wave forces in their circulation models. 

Mulligan et al. (2008) considered the surface wave forces by using LS64ôs 2D RS 

formulation in a study of the wave-driven flow in LB during Hurricane Juan, but their 

coupled model was not able to reproduce the 3D structure of the circulation in the Bay. 

This motivates us to apply the newly-developed coupled wave-circulation modelling with 

3D surface wave forces in terms of VF and RS formulations to LB to simulate ocean surface 

gravity waves and currents in the Bay. 

 

 

Figure 2.6: Selected bathymetric features within the model domain of the Lunenburg Bay 

model. The filled triangles denote the observation locations. Abbreviations are used for 

Corkumôs Channel (CC), Upper South Cove (USC), and Lower South Cove (LSC). The 

inset map shows the location of the study area (red square) and the storm track of Hurricane 

Juan (red line). 
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2.4.1 Model Setup 

The circulation model for LB is constructed as a single-domain coastal ocean model based 

on the POM (Fig. 2.6). Previous studies demonstrated that, with proper open boundary 

conditions and reliable atmospheric forcing, a single-domain model has reasonable skills 

in simulating the tidal and wind-driven circulations in LB under an extreme weather event 

known as Hurricane Juan (Wang et al., 2007). Sheng et al. (2009) demonstrated that a 

nested-grid coastal circulation model for LB during this event has similar performances as 

the single-domain model. Considering that the focus of this section is on the coastal ocean 

circulation inside the Bay, a single-domain model is considered here. Since the vertical 

stratification is very weak in LB during Hurricane Juan (Zhai et al., 2007), the model is 

run in barotropic mode with temperature and salinity held fixed. Along the model open 

boundaries, the following radiation condition (Davies and Flather, 1987) is used: 

Ὗ Ὗ – – –                         (2.17) 

where Ὗ  and – are the model calculated normal flow and surface elevation at the open 

boundaries, Ὗ  is a specified normal flow and set to be the normal flow at grid points 

closest to the open boundaries Ὗ  for simplicity, ὧ is the external gravity phase speed. 

– and – are surface elevations associated with tides and remotely generated waves, 

respectively. We follow Wang et al. (2007) and specify – at the open boundary using the 

simplified incremental approach from the tidal sea level prediction at Lunenburg Harbor, 

which was made by the Canadian Hydrographic Service using more than 60 tidal 

constituents determined from the historical sea level observations at the harbor, and – is 

determined from the observed non-tidal sea level at site SB2 using the same approach. 

The wave model constructed from SWAN shares the same horizontal model grid as the 

circulation model. The spectral domain consists of 36 directional bins with 10o of 

resolution and 23 logarithmic frequency bins ranging from 0.04 to 1.00 Hz (
Ў

πȢρυ). 

Similar to Mulligan et al. (2008), the observed time series of wave spectra at site DWR are 

applied uniformly along the open boundaries. Since observed winds at sites SB2 and SB3 

are highly similar (Wang et al., 2007), for simplicity, we assume winds used to drive the 

coupled model are spatially uniform and equal to winds at site SB3. It should be noted that 



 30 

spatial variability occurs in the wind forcing in LB, which will affect the small-scale 

circulation feature in the Bay, as discussed in Wang et al. (2007). 

Four basic numerical experiments are conducted in this case to examine effects of 

WCIs on the surface wave field and the 3D ocean currents: the coupled model run for the 

VF formulation (Run_VF), the coupled model run for the RS formulation (Run_RS), the 

wave-only model run (Run_WaveOnly), and the circulation-only model run 

(Run_CirOnly). Each model run is integrated for three days from 27 September (day 269) 

to 30 September (day 272) 2003, and the coupling interval between the POM and SWAN 

is set to be 6 min. 

2.4.2 Wave Model Results 

Figure 2.7 presents time series of observed and simulated Ὄ , peak wave periods, and 

dominate wave directions at site BIO. In comparison with observations, the wave-only 

model run (Run_WaveOnly) performs reasonably well before and after the storm, but 

underestimates the maximum observed Ὄ by ~1 m during the storm, which is consistent 

with the previous finding made by Xu et al. (2007) using a nested wave-only model (Fig. 

4a in Xu et al., 2007). The use of the VF and RS formulations (Run_VF and Run_RS) in 

the coupled wave-circulation modelling system improves the simulated maximum Ὄ by 

~0.5 m due to the inclusion of the effect of strong opposing surface currents in the wave 

model. The coupled system also reproduces reasonably well the observed peak wave 

periods and dominate wave directions, with relatively small differences among these three 

model runs (Figs. 2.7b and 2.7c). The peak wave periods are around 10 s and the dominate 

wave directions are around 150o before and after Hurricane Juan at site BIO, indicating the 

wave field in the Bay is dominated by swells propagating from the southeast direction 

during this hurricane period. 

Figure 2.8a presents the instantaneous wave field produced by the coupled modelling 

system using the VF formulation at the time of the maximum Ὄ (at year day of 271.17) 

at site BIO. Large hurricane-generated waves propagate from the model open boundary 

into the Bay (Fig. 2.8a) and break along the north coast, over the submerged shoal near the 

mouth of the Bay, and around the south headland (Fig. 2.8b). These intense breaking waves 
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are responsible for the strong wave-driven circulation in the Bay as we will discuss later.  

We next examine the effects of WCIs on the Ὄ in the case of the VF formulation at 

day 271.17. Figure 2.8c shows that Ὄ at the mouth of the Bay are significantly increased 

by 0.5-1.0 m due to the strong opposite surface outflow (Fig. 2.11a). The wave heights 

along the north coast and around the south headland are also significantly increased by 

~1.0 m, but due to the feedback of sea levels to the total water depth. The total sea level 

including the wave setup is about 0.9 m around these regions at this moment (not shown), 

which decreases the intensity of depth-limited wave breaking. The spatial distributions of 

Ὄ changes in the case of the RS formulation (Fig. 2.8d) are generally similar to, but not 

as smooth as, those in the case of the VF formulation due to different surface current 

features as we will discuss later. 

 

 

 

Figure 2.7: Time series of observed and simulated (a) significant wave heights (Hs), (b) 

peak wave periods (Tp), and (c) dominant wave directions (Dp) at site BIO. Model results 

in three cases (Run_VF, Run_RS and Run_WaveOnly) are compared with observations.   
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Figure 2.8: (a) Simulated Ὄ (image) and wave directions and (b) simulated wave energy 

dissipation produced by the coupled modelling system using the VF formulation, and 

differences in Ὄ (c) between Run_VF and Run_WaveOnly and (d) between Run_RS and 

Run_WaveOnly at 0430Z Sep 29 (day 271.19). Triangles indicate instrument locations. 

 

2.4.3 Circulation Model Results 

Figures 2.9a and 2.9b present time series of observed and simulated sea levels at sites SB2 

and SB3, respectively. The simulated sea levels produced by the coupled wave-circulation 

modelling system with the use of the VF formulation (Run_VF) are in a very good 

agreement with the observations at these two sites, particularly between day 271.0 and 

271.4. During this period hydrodynamics over coastal waters of the central Scotian Shelf 

were impacted significantly by Hurricane Juan (Sheng et al., 2006; Wang et al., 2007; Xu 

et al., 2007; Mulligan et al., 2008). Figures 2.9a and 2.9b also demonstrate that the model 

calculated sea levels at these two sites (SB2 and SB3) are highly similar in three model 

runs (Run_VF, Run_RS, Run_CirOnly), indicating that sea levels at these two sites are not 

significantly affected by WCIs. This can be explained by the fact that these two sites are 

located outside the surf zone (positions of these two sites are marked in Figs. 2.9c and 2.9d).  
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Figure 2.9: Time series of observed and simulated sea levels at sites (a) SB2 and (b) SB3, 

and differences in sea levels (c) between Run_VF and Run_CirOnly, and (d) between 

Run_RS and Run_CirOnly at 0430Z Sep 29 (day 271.19). Triangles indicate instrument 

locations. 

 

To examine the wave-induced sea level changes associated mainly with wave breaking 

and wave-driven flow, we calculate the differences in model calculated sea levels at day 

271.17 between Run_VF and Run_CirOnly. Figure 2.9c demonstrates that wave breaking 

leads to a significant sea level rise (or wave setup) of 0.3-0.5 m along the north coast and 

around the south headland in Run_VF. There is also a slight sea level rise (~0.1 m) in the 

west end of the Bay due to the wave-driven inflow. The wave-induced sea level changes in 

the case of the RS formulation (Fig. 2.9d) have similar features as those in the case of the 

VF formulation, except for relatively smaller magnitudes. 

Figure 2.10 presents time series of observed and simulated horizontal currents at three 

different depths of three observation sites MB1, BIO, and SB3 located near the mouth of 

the Bay. Same as previous studies (Wang and et al., 2007; Sheng et al., 2009), the 
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circulation-only model run (Run_CirOnly) does not reproduce the observed strong coastal 

ocean currents around day 271.19. By comparison, the coupled wave-circulation modelling 

system with the use of the VF formulation (Run_VF) performs much better in simulating 

3D currents at all the three sites, indicating that the surface wave forces played a more 

important role than other forces in driving the coastal currents in the Bay during the passage 

of Hurricane Juan. The use of the RS formulation in Run_RS also performs well at site 

BIO with similar model results as those in Run_VF, but it performs less well than the VF 

formulation at sites MB1 and SB3 located near the shore.  

 

Figure 2.10: Time series of eastward (left panels) and northward (right panels) components 

of observed and simulated currents at depths of (upper) 4, 7, and 11 m for site MB1; 

(middle) 2, 9, and 16 m for site BIO, and (lower) 1, 6, and 9 m for site SB3. Model results 

in three cases (Run_VF, Run_RS and Run_CirOnly) are compared with observations. 
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To quantify the performance of the coupled model with the use of two different 

formulations in simulating currents at three sites, we follow Thompson and Sheng (1997) 

and use ‎, which is defined as the variance of model errors normalized by the observed 

variance: 

‎                              (2.18) 

where ὠὥὶ stands for variance, and ὕ and ὓ denote respectively the observed and 

simulated values of a variable. A smaller value of ‎ denotes a better agreement between 

the observed and simulated values. Values of ‎ less than unity indicate that the observed 

variance is reduced by the subtraction of the hindcasts from the observations. Values of ‎ 

greater than or equal to unity can occur if the model is deficient in some important way or 

the observations are dominated by measurement noises. In this study, we use ‎ ρ as a 

threshold to assess the model performance.  

For the case of Run_VF, the ‎ values (Table 2.1) are about 0.15-0.89 for the eastward 

(u) and northward (v) components of currents at the three sites, particularly with small 

values of less than 0.40 for the currents at 4 m and 7 m of site MB1 and at 2 m and 9 m of 

site BIO. This indicates that the coupled wave-circulation modelling system in Run_VF 

performs reasonably well in simulating currents at these three sites, particularly at sites 

MB1 and BIO. By comparison, the ‎ values in Run_RS are larger than the ‎ values in 

Run_VF at three sites, except for the u-components at 2 m and 9 m of site BIO and at 9 m 

of site SB3, and v-components at 2 m of site BIO and at 9 m of site SB3. This indicates 

that the VF formulation performs better than the RS formulation for reconstructing the 

currents measurements at site MB1, for currents at the upper and middle depths at site SB3, 

and for the bottom currents at site BIO. It should be noted that the ‎  values in 

Run_CirOnly (Table 2.1) are largest or the second largest in three model runs at three 

depths of three different sites, which indicates the important role of the WCIs in driving 

the 3D currents over the coastal embayment. It should also be noted that the ‎ values in 

Run_VF are slightly larger than the values in Run_RS for u-components at 2 m and 9 m at 

site BIO and 9 m at site SB and for v-components at 2 m at site BIO and 9 m at site SB3, 



 36 

for which exact reasons are unknown.      

Figure 2.11c presents the simulated surface currents at the time of maximum currents 

at site BIO (day 271.19) in Run_CirOnly. The circulation-only model produces a strong 

jet-like flow (~1 m s-1) over a narrow channel known as Corkumôs Channel (CC) and its 

adjacent waters in LB, with relatively weak currents over other areas of the Bay. The jet-

like flow is associated mainly with large differences in sea levels associated with tides 

between LB and two coves known as Upper South Cove (USC) and Lower South Cove 

(LSC). These large-scale circulation features produced by the circulation-only model are 

consistent with previous simulations of Wang et al. (2007). By comparison, the coupled 

wave-circulation modelling system with the use of VF and RS formulations generates 

much stronger surface currents in LB, in addition to the jet-like flow in the CC and its 

adjacent waters (Figs. 2.11a and b). Intense wave breaking (Fig. 2.8b) induces strong wave-

driven inflows (~1 m s-1) along the north coast, over the submerged shoal at the mouth of 

LB, and around the south headland. These inflows then drive a strong outflow (~0.5 m s-1) 

in the deep channel of the Bay due to mass balance, which is captured by the instrument at 

site BIO. The flow captured at site MB1 is also an outflow due to the wave-driven inflows, 

but less strong than that at site BIO. Nonetheless, some differences between the two model 

runs occur over the shallow areas near the north and south shores. Moreover, inside the 

Bay with complex topography, the circulation in Run_RS is not as smooth as the 

counterpart in Run_VF (see the color shading in Fig. 2.11b). 

Figures 2.12a and b present distributions of wave-induced surface and bottom currents 

(WICs) defined as differences in current vectors between the coupled model run using the 

VF formulation (Run_VF) and the circulation-only model run (Run_CirOnly) near the 

north shore of LB where the Bay is exposed to large waves. At the sea surface, the wave-

induced circulation over this area features strong longshore currents along the north coast 

and two intense recirculation cells on the right and left sides of the submerged shoal. In 

comparison with the surface currents, near the coast, the bottom currents are more offshore 

directed consistent with model results in our idealized test cases over the surf zone. Over 

the submerged shoal area, the bottom currents have similar structures as the surface 

currents due to a lack of coastal wall. In comparison with WICs in Run_VF, the structure 

of WICs in Run_RS (Figs. 2.12c and d) is less coherent with some very unphysical currents 



 37 

generated over areas outside the wave breaking zone (surf zone) (water depth greater than 

~5 m), which directly degrades the model skill in simulating currents at site MB1. 

Furthermore, in a two-way coupled modelling system, the feedback of these less coherent 

currents to the wave model introduces some unrealistic features to the wave fields (e.g. Fig. 

2.8d). In order to examine the origin of these unphysical currents generated in Run_RS, we 

conducted an additional experiments for the RS formulation with only one-way coupling 

(Run_RS_oneway). That is, in Run_RS_oneway, there are no feedbacks from the 

circulation model to the wave model, so that the wave model results and calculated wave 

forcing terms will not be contaminated by the unexpected less reasonable currents. The 

results show that the current fields with one-way coupling (Figs. 2.12e and f) are smoother 

than those with two-way coupling. However, some weak unphysical currents can still be 

seen over areas with steep topography. 

 

Table 2.1: Values of ‎  for three different model runs (Run_VF, Run_RS and 

Run_CirOnly) at three different depths of three sites (MB1, BIO and SB3) from day 271.0 

to 271.4 in 2003. 

 

 

Site (depth) U component V component 

Run_VF Run_RS Run_CirOnly Run_VF Run_RS Run_CirOnly 

MB1 (4 m) 0.19 0.36 0.48 0.27 0.46 0.52 

MB1 (7 m) 0.20 0.33 0.48 0.31 0.53 0.48 

MB1 (11 m) 0.33 0.53 0.57 0.66 0.71 0.64 

BIO (2 m) 0.28 0.26 0.63 0.15 0.11 0.42 

BIO (9 m) 0.33 0.30 0.45 0.30 0.31 0.55 

BIO (16 m) 0.40 0.68 0.34 0.69 1.07 0.84 

SB3 (1 m) 0.77 0.80 0.84 0.71 0.77 0.75 

SB3 (6 m) 0.74 0.75 0.78 0.37 0.45 0.43 

SB3 (9 m) 0.89 0.85 0.93 0.71 0.67 0.66 
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Figure 2.11: Model calculated surface currents in LB at 0430Z Sep 29 (day 271.19) in (a) 

Run_VF, (b) Run_RS, and (c) Run_CirOnly. Triangles indicate instrument locations.  
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Figure 2.12: Differences in surface and bottom currents (a and b) between Run_VF and 

Run_CirOnly, (c and d) between Run_RS and Run_CirOnly, and (e and f) between 

Run_RS_oneway and Run_CirOnly in LB at 0430Z Sep 29 (day 271.19). Color images 

indicate water depth. Triangles indicate instrument locations. 

 

We next examine the spatial distribution of the depth-averaged dominate forcing terms 

for the y momentum equation in Run_VF and Run_RS_oneway. As shown in Figures 2.13a 

and b, the spatial patterns of the pressure gradients mainly due to wave setup in both model 

runs are similar. For the RS formulation, the RS gradients tend to cancel the pressure 

gradients (Figs. 2.13b and d). For the VF formulation, the wave effects are separated into 

two major terms: a Bernoulli-head term and a breaking acceleration term. Outside the surf 
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zone, the Bernoulli-head and pressure gradients cancel each other, while inside the surf 

zone, the combination of the Bernoulli-head and breaking acceleration tend to cancel the 

pressure gradients (Figs. 2.13a, c, and e). It should be mentioned that the so-called VF term 

is a higher order term that has very minor effects on the model results in this case (not 

shown). 

 

Figure 2.13: Depth-averaged dominate forcing terms for (a) , (c) , (e) Ὂȟ in 

Run_VF and (b) , (d)  in Run_RS_oneway at 0430Z Sep 29 (day 

271.19). The black straight line in Figure 2.13a-2.13e marks a cross-shore transect at which 

model results are shown in Figure 2.14. 
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Figure 2.14: Vertical distributions of dominate forcing terms for (a) , (c) , (e) 

Ὂȟ in Run_VF and (b) , (d)  in Run_RS_oneway in the cross-shore 

transect shown in Figure 2.13 at 0430Z Sep 29 (day 271.19). 
 
 

  We next select a cross-shore transect over the area outside the wave breaking zone (Fig. 

2.13) to further examine the vertical structure of dominate forcing terms in Run_VF and 

Run_RS_oneway. Again, vertical structures of the pressure gradients for both model runs 

are similar (Figs. 2.14a and b). For the VF formulation, the Bernoulli-head is depth-uniform 
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(Fig. 2.14c) and the breaking acceleration due to whitecapping decreases exponentially 

with depth (Fig. 2.14e). For the RS formulation, the RS gradients increase with depth even 

the bottom slope is not very steep (Fig. 2.14d). This is counterintuitive as wave effects are 

expected to be concentrated near the surface. As a result, some weak unphysical currents 

are generated wherever there is a bottom slope, and this problem could be significantly 

amplified in a two-way coupled modelling system when interacting with large surface 

waves. As discussed in the first test case, the missed VRS term, which redistributes the 

wave momentum over the vertical, could help solve this problem, but the approximation 

of this term using the linear wave theory by M15 is simply inadequate. 

2.5 Summary and Discussion 

A two-way coupled wave-circulation modelling system was used in this study to assess 

performances of two formulations for the nonlinear feedback of ocean surface gravity 

waves on three-dimensional (3D) coastal currents. These two formulations are (a) a vortex 

force formulation (VF) suggested by Bennis et al. (2011) and (b) a latest version of 

radiation stress formulation (RS) suggested by Mellor (2015). Model results using the two 

formulations were compared with observations in two idealized test cases and one realistic 

application. This was the first time that the RS formulation suggested by Mellor (2015, 

M15) was validated directly with the VF formulation in the two test cases and over realistic 

coastal waters. 

In the two idealized test cases, model results for the VF formulation are consistent with 

previous numerical simulations, laboratory experiments over a planar beach (Ting and 

Kirby, 1994) and field experiments over a barred beach (Kumar et al., 2012). The RS 

formulation suggested by M15, however, has difficulties in producing a reasonable vertical 

structure for the cross-shore currents inside the surf zone. Outside the surf zone, the RS 

formulation also produces a recirculation over the vertical, which was suggested to be 

unrealistic. Both problems for the RS formulation are linked to an inappropriate treatment 

of a vertical radiation stress (VRS) term. 

In the realistic application in Lunenburg Bay (LB) of Nova Scotia during the passage 

of Hurricane Juan in 2003, the simulated significant wave heights (Ὄ ) and sea levels 



 43 

produced by the coupled wave-circulation modelling system using VF and RS formulations 

are similar. A comparison of model results with wave observations demonstrated that the 

simulated maximum Ὄ is improved by ~0.5 m due to the feedback of strong opposing 

surface currents at the mouth of LB. Near the north and south shores in LB, the feedback 

of the local sea level to the total water depth significantly increases Ὄ  (~1.0 m) by 

decreasing the intensity of depth-limited wave breaking. In return, the depth-limited wave 

breaking produces a pronounced sea level rise (0.3ï0.5 m) over these nearshore regions, 

which highlights the importance of two-way coupling between waves and currents. Results 

presented in this study also demonstrated that the surface wave force plays a very important 

role for the storm-induced intense circulation in LB. It was shown that, by implementing 

the VF formulation in the circulation model, the large discrepancy between simulated and 

observed currents at site MB1 in previous studies (Wang et al., 2007 and Sheng et al., 2009) 

is significantly reduced. In contrast, the RS formulation produces some weak unphysical 

currents wherever there is a bottom slope, which are significantly magnified in a two-way 

coupled system, deteriorating the model performance in simulating currents at observation 

site MB1. These unphysical currents were found to be caused by an unreasonable 

representation for the vertical distribution of the RS gradients over sloping bottoms, which 

increases with water depth and reaches the maximum value near the bottom. 

Overall, the results presented in this chapter demonstrated that the VF formulation is 

superior to the RS formulation in simulating the wave-induced 3D currents from the surf 

zone to the open shelf waters. The fundamental problem concerning the RS formulation in 

the community is an explicit description of the complex vertical flux of wave momentum 

(i.e., the VRS term) (Ardhuin et al., 2008, 2017; Bennis et al., 2011), which requires 

knowledge of a complex wave theory instead of the simple linear wave theory. Nonetheless, 

the VRS term is completely neglected in M15 based on the linear wave theory assumptions. 

The omission of this term was found to be responsible for the unrealistic vertical 

distribution of the RS gradients associated with unphysical currents over slopping bottoms. 

Furthermore, the 2D version of the RS (LS64) contains the wave force due to wave 

breaking. The 3D RS of M15, however, has difficulties in giving a reasonable vertical 

distribution of the wave force due to wave breaking as demonstrated in this study. How to 

properly account for wave breaking in the 3D RS remains to be studied. By comparison, 
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the VF formulation applying to the Eulerian velocity circumvents the difficulty with the 

evaluation of the VRS term, which is only required for the RS formulation applying to the 

Lagrangian velocity. Furthermore, the VF formulation separates the 3D wave force into 

conservative (vortex force and Bernoulli head) and non-conservative (breaking wave-

induced acceleration) contributions. The former has an analytical vertical distribution. The 

latter is unknown but it can be approximated with an empirical vertical profile. This 

separation of conservative and non-conservative forces allows the VF formulation to be 

successfully applied from the surf zone to the open shelf waters. 

  



 45 

 

CHAPTER 3  

A COMPARATIVE STUDY OF WAVE -CURRENT 

INTERACTIONS OVER THE EASTERN CANADIAN SHELF 

UNDER SERVER WEATHER CONDITIONS 1 

3.1 Introduction  

Reliable knowledge on surface gravity waves, currents and their interactions in the ocean 

is of great importance to many applications, such as weather forecasting, search and rescue, 

beach erosion, and site selections for offshore infrastructures (Hashemi and Neill, 2014). 

Physically, ocean currents can modify the relative speed of the air above the sea surface 

(i.e., relative wind effect) and change the absolute frequency of waves known as the 

Doppler shift. Spatial variability of currents can modify the relative wave frequency and 

cause wave refraction, shoaling and breaking that mimic bathymetric effects. The surface 

gravity waves, in return, can affect vertical mixing, surface and bottom stresses 

experienced by ocean currents. The surface waves and currents can also exchange energy 

through the concept of radiation stress (RS) (Longuet-Higgins and Stewart, 1964; Mellor, 

2003) or vortex force (VF) (McWilliams, 2004; Ardhuin et al., 2008). 

Various studies were carried out on the examination of above-mentioned processes of 

the wave-current interaction (WCI) in the ocean. Ardhuin et al. (2012) demonstrated that 

the relative wind effect could explain about 20-40% of the modulation in wave heights due 

                                                             
1 Wang, P., and J. Sheng, 2016. A comparative study of wave-current interactions over the eastern 

Canadian shelf under severe weather conditions using a coupled wave-circulation model, Journal 
Geophysical Research-Oceans, 121, 5252-5281. 
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to strong tidal currents. Holthuusen and Tolman (1991) found that the current-induced 

wave refraction due to the strong current shear of the Gulf Stream could induce a 

considerable variation on wave heights. By using a wave refraction model, Wang et al. 

(1994) showed that the focusing of wave rays by the Gulf Stream meander causes changes 

in wave direction/energy and directional spreading observed by in-situ measurements. Liu 

et al. (1994) also showed that mesoscale eddies can be detected from the synthetic aperture 

radar images via the influence of eddy currents on the surface wave fields. In the ocean 

upper layer, the Coriolis-Stokes force, Langmuir circulation, breaking and nonbreaking 

wave-induced mixing all contribute to the upper-ocean mixing (Wu et al., 2015). For 

example, Zhang et al. (2011) suggested the surface wave breaking is an important factor in 

determining the surface boundary depth of temperature in the Yellow Sea in summer. Deng 

et al. (2009) demonstrated that the inclusion of the Coriolis-Stokes force into a global ocean 

model improves the comparison of the sea surface temperature (SST) with buoy 

observations. 

These WCI mechanisms are expected to be more pronounced under severe weather 

events such as a tropical cyclone (TC) or hurricane than under the normal weather 

conditions. Fan et al. (2009a, b) found that an inclusion of ocean currents in an ocean wave 

model significantly reduced the simulated significant wave heights (Ὄ ) under slow-

moving TC conditions. By using a simplified one-dimensional wave action equation, they 

suggested that the reduction of Ὄ was mainly due to the horizontal current advection of 

waves, but the contribution of spatial variability of currents was not able to be quantified 

in that analysis. Fan et al. (2009a, b) also found that the contribution from the relative wind 

effect was very small. However, the ocean model they used did not include the three-

dimensional (3D) wave forces (RS or VF), and the contribution of Stokes drift (a residual 

current averaged over a wave cycle) to ocean currents was not considered. In a realistic 

simulation of Hurricane Juan, Xu et al. (2007) found that an inclusion of the relative wind 

effect in the feedback from Stokes drift improved the accuracy of simulated wave fields. 

The other WCI mechanisms were not included in the study by Xu et al. (2007). In addition 

to strong ocean currents and large surface waves, another important feature under a TC is 

the remarkable right-biased SST cooling relative to the storm track, which is responsible 

to the decrease of TC intensity. The main physical processes affecting the right-biased SST 
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cooling include storm-induced vertical mixing, upwelling (Price, 1981), and the resonance 

Reynolds stresses of the near-inertial internal waves (Huang and Oey, 2015). It was also 

found that the maximum Ὄ appear on the right side of the TC due to both the asymmetry 

of the hurricane winds and the hurricane translation (Chen et al., 2010). Thus, it is a very 

important scientific question to be addressed how the right-biased large wave fields could 

affect the right-biased SST cooling. 

The main objective of this chapter is to examine the roles of different WCI mechanisms 

on the response of circulation and surface wave fields to three severe weather events using 

a two-way coupled wave-circulation modelling system. The study region of this paper is 

the eastern Canadian shelf (ECS), which is socially and economically important since it 

supports commercial and recreational ýsheries, offshore oil and gas exploration and 

production, marine recreation and tourism, aquaculture, shipping and transportation, and 

other economic activities that directly contribute to the Canadian economy. This region is 

affected occasionally by extreme weather events such as tropical or extra-tropical cyclones 

and winter storms. Hurricane Juan, as an example, was an intense tropical cyclone and 

caused heavy damage in Nova Scotia and Prince Edward Island in late September 2003. 

Hurricane Juan reached Category-2 strength on the Saffir-Simpson hurricane scale on 

September 27 and made landfall on the south coast of Nova Scotia near Halifax early on 

September 29, with maximum sustained winds of about 158 km h-1. This storm generated 

about 2-m storm surge in Halifax Harbor, and huge surface waves with the maximum Ὄ 

of about 10 m and tallest wave height of about 20 m observed at a marine buoy outside of 

the Harbor (Fogarty, 2003). The other example is ñWhite Juanò, which was a hurricane-

strength northeaster blizzard and affected most of Atlantic Canada in February 2004. White 

Juan had a snowfall at a rate of 5 cm hour-1 for 12 hours, and winds blew at up to 124 km 

h-1. White Juan produced hurricane-strength winds at sea with 10 to 15 meter swells, 

prompting a special marine warning. Although the storm-induced ocean currents and ocean 

waves over the ECS during Hurricane Juan were studied previously by Sheng et al. (2006) 

and Xu et al. (2007), the WCIs over the ECS during extreme weather conditions such as 

Hurricane Juan and White Juan remain to be studied. 

The structure of this chapter is organized as below: the coupled wave-circulation 
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modelling system is described in section 3.2. Applications of this model for three storms 

mentioned above are used to examine the role of different WCI mechanisms under severe 

weather conditions in section 3.3. The summary and discussion are provided in section 3.4.  

3.2 The Coupled Wave-Circulation Modelling System 

The coupled model (Fig. 1.3) uses two-way coupling between a 3D ocean circulation model 

for the ECS known as DalCoast and a third-generation wave model known as 

WAVEWATCH III (WW3). The wave effects on the 3D circulation is specified in the 

circulation model using the VF formalism (McWilliams, 2004; Ardhuin et al., 2008) and 

the breaking wave-induced mixing (Craig and Banner, 1994). In the wave model, the 

effects of currents on waves are implemented through the wave action equation. These 

effects include the relative wind effect, current-induced convergence, wavenumber shift 

and refraction. An automatic coupler is used to exchange information between the 

circulation and wave models at a selected coupling time interval. 

3.2.1 Ocean Circulation Model 

DalCoast was constructed from the Princeton Ocean Model (POM; Mellor, 2004). The 

latter is a 3D, sigma coordinate, primitive-equation ocean circulation model. DalCoast uses 

the spectral nudging technique (Thompson et al., 2007) and the semi-prognostic method 

(Sheng et al., 2001) to reduce the seasonal bias in the model circulation and hydrography. 

DalCoast has been validated extensively in the past using observations of hydrography, sea 

level, and currents (Thompson et al., 2007; Ohashi and Sheng, 2013, 2015; Ohashi et al., 

2009a, 2009b).  

Four major modifications were made recently to DalCoast for this study. Firstly, the 2-

min Gridded Global Relief Data (ETOPO2) used previously in the model topography was 

replaced by the General Bathymetric Chart of the Oceans (GEBCO) bathymetry data 

(http://www.gebco.net/). The latter has a finer resolution (30 arc-seconds) than ETOPO2. 

The GEBCO dataset also represents the local bathymetry over the study region better than 

ETOPO. Secondly, the tides specified on the lateral open boundaries of the circulation 

model are based on the tidal elevations and tidal currents produced by the OSU Tidal 
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Inversion System (OTIS), which is a tidal prediction system developed at the Oregon State 

University (OSU). Thirdly, the VF formalism was incorporated into the governing 

equations for circulation, which includes the wave-averaged vortex and Bernoulli-head 

forces, sink of the wave momentum due to wave breaking, and advection of material tracers 

by Stokes drift. We refer these additional wave force terms as the 3D wave forces. Lastly, 

the breaking wave-induced mixing was implemented in the turbulent module for the 

circulation model. A reader is referred to Chapter 2 for more information on the 

implementation of the VF formalism and the breaking wave-induced mixing in the 

circulation model. 

3.2.2 Ocean Wave Model 

WW3 is an operational wave model developed at the NOAA/National Centers for 

Environmental Prediction, which has been widely applied in the global- and regional-scale 

areas of the world ocean. It should be mentioned that both SWAN and WW3 are the third 

generation ocean wave models and solve the wave action balance equation. The difference 

in the wave action balance equation between the two models is that the wave action density 

spectrum ὔ ὉȾ„ is defined as a function of Ὧȟ„  in SWAN (Eq. (2.16)) and a 

function of Ὧȟ— in WW3. In a Cartesian grid, the wave action balance equation in WW3 

can be written as, 

​Ͻὢὔ Ὧὔ —ὔ                       (3.1) 

ὢ ὅ ἣ                                      (3.2) 

Ὧ ▓Ͻ
ἣ
                                (3.3) 

— ▓Ͻ
ἣ

                             (3.4) 

where ὅ is the group velocity of waves, ἣ is the surface ocean current vector, ί is a 

coordinate in the direction —, and ά is a coordinate perpendicular to ί. It is noted that 

Eq. 3.2 is the vector form of (ὧ ό, ὧ ὺ) in Eq. (2.16). The left-hand side (LHS) of 

(3.1) represents the local rate of change of the action density (the first term), the wave 
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propagation in spatial (second term) and spectral (third and fourth terms) space. The right-

hand side (RHS) of (3.1) contains the net source term Ὓ , which includes all physical 

processes that generate, dissipate and redistribute the wave energy: 

Ὓ Ὓ Ὓ Ὓ Ὓ Ὓ Ὓ                    (3.5) 

The RHS of (3.5) consists of both deep water processes (i.e., wind input Ὓ , 

quadruplets nonlinear interactions Ὓ , and white capping Ὓ ) and shallow water 

processes (i.e. bottom friction Ὓ , depth-induced breaking Ὓ , and triad wave-wave 

interactions Ὓ ).  

Equations (3.1-3.5) indicate that ocean circulation affects the wave action density 

spectrum in four ways. Firstly, the horizontal variation of ocean currents causes the 

convergence of wave action flux in the spatial space. Secondly, in the spectral space, the 

horizontal variation of ocean currents induces the wavenumber shift and wave refraction 

in the way similar to effects of the bathymetry variation. Thirdly, in the source term, the 

surface wind velocity vector ╤  used to calculate the wave growth due to winds is 

replaced by (╤ ‌╤), which is the vector difference between the surface wind velocity 

and surface ocean current. Here ɻ is a tuning coefficient for the ocean surface current in 

the relative wind effect in WW3. It should be pointed out that the use of the full ocean 

surface current (ɻ ρ) will exaggerate the relative wind effect since the relevant level at 

which the wind should be taken is the top of the atmospheric surface layer where the winds 

do not adjust to the presence of currents (Ardhuin et al., 2012). In this study we set ‌

0.7 based on conversions between the geostrophic winds at the top of the atmospheric 

surface layer and 10 m height winds (see Appendix B). Lastly, the sea surface elevation 

modifies the total water depth used in the wave model, although this effect is only large in 

the very shallow water regions where waves could feel the ocean bottom. 

3.2.3 Coupling Procedure 

The dynamic coupling software known as OpenPALM (Fig. 1.4) is used to exchange 

information between DalCoast and WW3. At a user-specific coupling interval, the sea 

surface currents and water level fields produced by DalCoast are transferred to the wave 
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model to modify the effective wind fields and the wave action equation. In return, fields of 

wave heights, Stokes drift velocity, Bernoulli-head, and wave dissipation source term 

calculated in the wave model are transferred to DalCoast to calculate the wave-averaged 

effects on the 3D circulation.  

3.2.3 Model External Forcing, Setup and Operation 

3.3.3a Model External Forcing 

The external forcing to drive the coupled wave-circulation modelling system of the ECS 

includes 6 hourly surface winds and atmospheric pressures at the sea level (SLP) extracted 

from the Climate Forecast System Reanalysis (CFSR, Saha et al., 2010). The CFSR winds 

and SLP have horizontal resolutions of 0.3o and 0.5o respectively, which are reasonable for 

large-scale atmospheric forcing but not fine enough to represent atmospheric forcing 

associated with a hurricane or tropical storm. Reliable wind forcing is essential to have 

accurate simulations of surface gravity waves and ocean currents. For example, a 10% bias 

in surface winds may result in ~20% error in wave heights. As a result, an idealized 

asymmetric vortex suggested by Hu et al. (2012), which was modified from the parametric 

hurricane model (Holland, 1980), is inserted into the large-scale CFSR wind and SLP fields 

based on 

ὴὶ ὴ ὴ ὴ Ὡ                        (3.6) 

ὠὶ ὴ ὴ Ὡ             (3.7) 

where ὴὶ and ὠ ὶ are respectively the pressure and the gradient wind at radius ὶ, 

ὴ is the central pressure, ὴ is the ambient pressure, Ὑ  is the radius of maximum wind, 

” is the air density, Ὢ is the Coriolis parameter, and ὄ is the hurricane shape parameter. 

The Coriolis effect, translation speed of the storm, and all available wind parameters 

extracted from the datasets produced by the National Hurricane Center (NHC) and the 

Automated Tropical Cyclone Forecasting (ATCF) are used in constructing the wind fields 

associated with a tropical storm or hurricane at each model time step. The detailed 
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procedures can be found in Hu et al. (2012). The modified CFSR winds (ὡ ) are obtained 

by blending the wind field produced by the parametric hurricane winds (ὡ ) with the 

CFSR wind field (ὡ ) using exponential distance weights: 

ὡ ὶ Ὡ Ⱦ ὡ ρ Ὡ Ⱦ ὡ         (3.8) 

where ὶ is the search radius around the center of the storm. We set ὶ σππ ËÍ. 

From the modified (or original) wind fields, wind stress at each model grid is calculated 

using a quadratic formula given as 

† ”ὅȿἣ ȿἣ                           (3.9) 

where ” is the air density, ἣ  is the 10 m wind velocity vector in units of m s-1, and 

the drag coefficient ὅ at the air-sea surface is given by the bulk formula of Large and 

Pond (1981) and Powell et al. (2003):  

  ὅ ρπ

ρȢς                                         ȿἣ ȿ ρρ  

πȢτω πȢπφυȿἣ ȿ             ρρ ȿἣ ȿ ςυ

ςȢρρυ                                       ȿἣ ȿ ςυ        

      (3.10)                        

The bottom stress is parameterized in terms of bottom currents based on 

† ”ὅȿἣἪȿἣἪ                           (3.11) 

ὅ ὓὃὢ
Ⱦ

ȟ   πȢππςυ                (3.12) 

where ╤╫ is the near bottom current vector, ὅ is the bottom drag coefficient, ‖ πȢπτ 

is the von Karman constant, „  is the sigma level just above the bottom, and ᾀ is a 

roughness parameter which is set to be 0.01 m in this study. 

The blended wind fields discussed above and sea ice concentrations from the CFSR 

dataset are used by the ocean wave model. The blended SLP and wind stress fields are used 

to drive DalCoast. In addition, DalCoast is driven by tides, the net heat and freshwater 

fluxes at the sea surface and the freshwater runoff from major rivers in the region. 
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3.2.3b Circulation Model Setup 

The model domain of DalCoast covers the Gulf of St. Lawrence, the Scotian Shelf (ScS), 

and the Gulf of Maine and adjacent deep waters (71.5°W-56°W, 38.5°N -52°N, Fig.  2), with 

a horizontal resolution of (1/16)° (~7 km) for both the longitudinal and latitudinal 

directions. It should be noted that Langmuir cells (with a length scale of ~5-100 m) cannot 

be resolved with this horizontal resolution. Incorporating the impact of Langmuir cells on 

the ocean mixing requires an additional parameterization (Wu et al., 2015), which is a topic 

of future studies. There are 40 sigma levels in the vertical which are concentrated near the 

surface and bottom, and are equally distributed in the interior. At the model open 

boundaries, the model is driven by (a) storm-induced hourly sea level and depth averaged 

currents simulated by a barotropic model covering the northwest Atlantic Ocean (72°W-

42°W, 38°N -60°N) with a resolution of (1/12)°; (b) tidal forcing specified in terms of 

hourly sea levels and depth averaged currents predicted by OTIS (8 tidal constituents: M2, 

S2, N2, K2, K1, O1, P1, and Q1); and (c) daily values of the 3D temperature, salinity and 

large-scale density-driven currents provided by an ocean-ice numerical model of the 

northwest Atlantic (Urrego-Blanco and Sheng, 2012). DalCoast uses the mode splitting 

technique with an external mode time step of 9 s and an internal mode time step of 180 s. 

3.2.3c Ocean Wave Setup 

WW3 uses the same horizontal model grid (with a horizontal resolution of 1/16o) and 

bathymetry as DalCoast. To account for the effect of swells generated outside of the study 

area, a coarser-resolution wave model based also on WW3 is applied to a larger domain 

(84°W -10°W, 10°N -65°N) with a horizontal resolution of (1/4)°. The wave model results 

over this larger domain are used to provide boundary conditions for the wave model of the 

ECS. The spectral domain consists of 36 directional bins with 10° of resolution and 29 

frequencies Ὢ ranging from 0.04 to 0.6 Hz with a logarithmic increment of Ὢ ρȢρὪ. 

The discrete interaction approximation (DIA) is used to calculate the nonlinear wave-wave 

interactions. The source package known as ST6 (Tolman et al., 2014) is applied to compute 

the wave input and dissipation source terms. A linear JONSWAP Bottom friction 

parameterization and depth-induced wave breaking are also used in the model. 
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3.2.3d Design of Numerical Experiments 

Numerical simulations of surface gravity waves and 3D ocean currents and hydrography 

during three severe weather events are considered in this study. For each weather event, 

three basic numerical experiments are designed to examine the effects of the WCIs on 

ocean currents and surface gravity waves over the ECS and adjacent deep waters, which 

include the coupled wave-circulation model run (Run_WaveCir), the wave-only model run 

(Run_WaveOnly) without the feedback from currents, and the circulation-only model run 

(Run_CirOnly) without the feedback from waves. Furthermore, six additional process-

oriented experiments are designed to quantify major WCI mechanisms that affect the ocean 

waves and currents in the study region. Six specific WCI mechanisms are considered in 

this study, which include (a) the relative wind effect, (b) current-induced convergence, (c) 

current-induced wavenumber shift, (d) current-induced wave refraction, (e) 3D wave 

forces on currents, and (f) breaking wave-induced mixing on the circulation. Model 

configurations for 9 numerical experiments are summarized in Table 3.1.  

 

Table 3.1: Model configurations for nine numerical experiments. 

 

 

Experiment 

Relative 
wind effect 
╤ in  

╤ ╤  

Current-
induced 

convergence  
╤ in Eq. 3.2 

Current-
induced  
k shift 

▓Ͻ
⸗╤

⸗▼
 in 

Eq. 3.3 

Current-
induced 

refraction 

▓Ͻ
⸗╤

⸗□
 in 

Eq. 3.4 

3D wave forces 
╤▼ȟ╥▼ȟ╦▼ related 

terms in Eqs.2.2-2.3; 
⸗╙

⸗●
ȟ╕▀ȟ● in Eq. 2.2; 

⸗╙

⸗◐
ȟ╕▀ȟ◐ in Eq. 2.3 

Breaking 
wave-

induced 
mixing 
Eq. 2.15 

Run_WaveCir On On On On On On 

Run_WaveOnly Wave-only model run 

Run_CirOnly Circulation-only model run 

Run_WaveU10 On Off Off Off On On 

Run_WaveCg Off On Off Off On On 

Run_Wavek Off Off On Off On On 

wǳƴψ²ŀǾŜʻ Off Off Off On On On 

Run_CirVF On On On On On Off 

Run_CirTKE On On On On Off On 
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Figure 3.1: Major topographic features of the model domain over the eastern Canadian 

shelf, buoy stations, and tracks of three storms considered in this study. 

 

3.3 Model Results during Three Storm Events 

Three severe weather events considered in this study are (a) Hurricane Juan, (b) Hurricane 

Bill and (c) a severe winter storm known as ñWhite Juanò. As mentioned earlier, Hurricane 

Juan swept the central ScS as a category-2 storm and made landfall on the south coast of 
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Nova Scotia near Halifax early on September 29, 2003. Hurricane Bill came to the ScS as 

a category-1 storm in late August 2009. The tracks of these two hurricanes, based on the 

best track data set taken from the Atlantic HURricane DATabase (HURDAT) 

(http://www.nhc.noaa.gov/data/#hurdat), are very different. Hurricane Juan passed over the 

southern coast of Nova Scotia directly, while Hurricane Bill travelled along the south coast 

of Nova Scotia (Fig. 3.1). Different from Hurricanes Juan and Bill, "White Juanò was a 

hurricane-strength northeaster blizzard that occurred in February 2004. Since the HURDAT 

database does not provide information on the storm track for any winter storm, the storm 

track of ñWhite Juanò was approximated by positions of minimum winds of the CFSR wind 

fields over the region covered by the storm. The reason for using minimum winds instead 

of minimum pressure is because the CFSR wind field has a higher resolution (0.3o) than 

the SLP field (0.5o). Figure 3.2 shows that ñWhite Juanò swept the ScS in the pathway very 

similar to Hurricane Bill, except that ñWhite Juanò had a more complicated storm track 

and stayed longer on the ScS than Hurricane Bill. Furthermore, ñWhite Juanò was a typical 

winter storm, and had a diameter of 3-4 times larger with weaker winds than normal 

hurricanes over the study region.                                                                             

In-situ wind and wave observations at seven operational buoys and a wave rider buoy 

on the ScS and in the Gulf of Maine (Fig. 3.1) are used in this study to validate model 

results. Buoy 44024 has been operated by the Northeastern Regional Association of Coastal 

Ocean Observing Systems (NERACOOS). Buoys 44008 and 44011 have been operated by 

the National Data Buoy Center. Buoys 44137, 44142, 44150, 44258, and a directional wave 

rider (DWR) buoy have been operated by Environmental Canada. 

3.3.1 Hurricane Juan 

As mentioned above, Hurricane Juan is a category-2 hurricane that translated northward 

and passed through the central ScS in late September 2003 (Fig. 3.1). In-situ wind 

observations during Hurricane Juan are available at three operational buoy stations (44137, 

44258 and 44142). The anemometer heights of these buoys are 5 m above the sea level. 

The buoy wind speeds were converted to the 10 m winds by a multiplicative factor of 1.08 

suggested by Boutin et al. (2009). Figure 3.2 presents a comparison of the original and 
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modified CFSR winds with observed winds during a period of about 4 days in late 

September 2003 at buoys 44137, 44142 and 44258. Among these three buoys, buoys 44137 

and 44258 are on the right-hand side (RHS) and buoy 44142 on the LHS of the storm track, 

with buoy 44142 to be the closest to the center of the storm and buoy 44137 to be the 

farthest. The original CFSR winds agree reasonably well with the in-situ wind observations 

at low wind speeds, but less well with the observations at high wind speeds during 

Hurricane Juan (Fig. 3.2). In particular, the original CFSR winds do not reproduce the 

observed peak winds at buoys 44258 and 44142 during Hurricane Juan. By comparison, 

the modified CFSR winds agree better with the in-situ wind observations at three buoy 

stations at high wind speeds during Hurricane Juan. At low wind speeds the modified CFSR 

winds are highly similar to the original CFSR winds. This is expected since the modified 

CFSR winds are same as the original CFSR winds in areas far from the storm center. It 

should be noted that the parametric hurricane model still has some deficiencies in 

reproducing the observed peak winds at buoy 44142 (Figs. 3.2e and f) located very close 

to the storm center. This could be attributed to the coarse time interval (6-hourly) of the 

storm center position taken from HURDAT. The exact positions of the storm center 

between these 6-hourly intervals are unknown and they can only be approximated with a 

simple linear interpolation, which can lead to inevitable errors. Figure 3.3 presents a 

comparison between the original and modified CFSR wind vectors at a specific time for 

Hurricane Juan. Clearly, the modified CFSR winds significantly improve the original 

CFSR winds during the storm. 

Figure 3.4 presents time series of observed and simulated Ὄ and peak wave periods 

at four buoys during Hurricane Juan. The coupled model in Run_WaveCir reproduces 

reasonably well the observed Ὄ at these four buoys, particularly at buoys 44258, 44142 

and DWR. The maximum Ὄ (Ὄ ) at these buoys produced by the coupled model in 

Run_WaveCir occur roughly during the peak winds of Hurricane Juan and are ~10.7 m at 

buoy 44258, 11.2 m at buoy 44142, ~8.6 m at buoy 44137, and ~8.5 m at buoy DWR, 

which are in a good agreement with in-situ wave observations. The simulated peak wave 

periods are about 8-15 s at these four buoys, with relatively longer peak periods during the 

peak winds of Hurricane Juan, which are also in general agreement with the in-situ 

observations. The longer peak period during the peak winds indicates the maximum waves 
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during Juan are swell-dominated. After the peak winds, the simulated Ὄ at buoys close 

to the hurricane track (e.g. 44142, 44258 and DWR) exhibit an oscillation pattern with a 

period of ~18 hours, which is consistent with observations. Further examination of the 

instantaneous current field (Fig. 3.8c) indicates that these oscillations are caused by the 

strong near-inertial currents in the wake of the hurricane. 

In comparison with results in Run_WaveCir discussed above, model results in 

Run_WaveOnly overestimate the Ὄ  by about 0.8 m and 2.2 m respectively at buoys 

44137 and 44258 (Fig. 3.4). The model results in Run_WaveOnly also overestimate the 

Ὄ  and slightly overestimate the peak wave periods after the maximum winds of the 

Hurricane. This indicates the importance of the WCIs. Overestimations of the Ὄ  at 

buoy 44137 and 44258 during Hurricane Juan by the wave-only model were also found by 

Xu et al. (2007), who managed to reduce the model errors by setting an upper bound for 

the drag coefficient and modifying the effective wind through subtracting the swell orbital 

velocities and Stokes drift. They did not consider, however, other contributions from ocean 

currents except for the Stokes drift. In our wave-only model, the selected parameterization 

of the drag coefficient (Hwang, 2001) already accounts for saturation, and the drag 

coefficient reaches a maximum with wind speeds of 30 m s-1 and decreases with higher 

winds. It should be noted that the circulation model (see Eq. (3.9)) and the wave model use 

different drag coefficient parameterizations. 

We next examine the effect of WCIs in the wave spectra in the frequency domain during 

Hurricane Juan (Fig. 3.5). In comparison with model results in Run_WaveOnly, the 

simulated wave spectra at three buoys in Run_WaveCir agree better with the observations. 

At buoys located to the RHS of the storm track (44258 and 44137), the model results in 

Run_WaveOnly overestimate the spectral peaks by up to 33% at buoy 44137. At buoys 

located to the LHS of the storm track (44142), the simulated wave spectra in these two 

numerical experiments (Run_WaveCir and Run_WaveOnly) are similar, indicating that the 

overall influences of ocean currents on the wave spectra peaks are weak on the LHS of the 

storm. In addition, both model runs underestimate the observed spectral peak at buoy 44142, 

which could be due in part to the less accurate parametric winds at this location (Figs. 3.23 

and f). Furthermore, the underestimation of the spectral peak in Run_WaveCir could also 
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be due in part to the imperfect parameterization for the enhanced wave dissipation when 

facing opposing currents (Ardhuin et al., 2012). 

Figure 3.6a presents the swath map for Hurricane Juan calculated from simulated Ὄ 

(every 15 minutes) in the coupled model run (Run_WaveCir). A swath map depicts the 

horizontal distribution of Ὄ  at each location during a storm period. The simulated 

swath in Run_WaveCir is biased to the right side of the storm track, with Ὄ  of about 

12-15 m appearing over areas within 10-100 km to the right of the storm track (as facing 

the direction taken by the storm). This rightward swath bias is due to the stronger winds 

and trapped wave resonance (Bowyer and MacAfee, 2005). The trapped wave resonance 

can be explained by comparing the wave group velocity with the hurricane translation 

speed. The calculated group velocity of the dominant swell waves under Hurricane Juan is 

9-10 m/s, which is very similar to JuanĽs translation speed (9-15 m/s) over the study region. 

Thus, surface waves on the right side of the storm track experience a longer trapped fetch, 

resulting in larger Ὄ . In the wave-only model run (Run_WaveOnly) shown in Fig. 3.6b, 

the swath is also biased to the right side of the storm track, but with much larger magnitudes. 

Figure 3.6c presents the normalized differences in Ὄ  (ЎὌ ) which is defined as 

differences in the swath between Run_WaveCir and Run_WaveOnly (Run_WaveCir minus 

Run_WaveOnly) normalized by the swath in Run_WaveOnly. A significant reduction of 

Ὄ  (11-15%) due to effects of currents on waves occurs on the RHS of the hurricane 

track. On the LHS of the storm track, however, there is a slight increase of Ὄ  by about 

4-7%. This is a result of combination of the four major WCI mechanisms of currents on 

waves to be discussed as follows.  

Distributions of ЎὌ  between Run_WaveU10 and Run_WaveOnly (Fig. 3.7a) 

indicate that the relative wind effect reduces Ὄ  by up to 7% on both sides of the storm 

track. This is due to the fact that hurricane winds and storm-generated strong surface 

currents are approximately in the same direction on the both sides of the track (Fig. 3.8a,c), 

which efficiently reduces the energy transferred from surface winds to ocean waves. 

Distributions of ЎὌ  between Run_WaveCg and Run_WaveOnly (Fig. 3.7b) 

demonstrate that the current-induced convergence significantly increases Ὄ  by 11-18% 

on the LHS of the storm track and decreases Ὄ  by 5-7% on the RHS. The effects of 
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this process depend mostly on the spatial gradients of currents (see Eqs. (3.1) and (3.2)), 

which can lead to wave energy convergence and divergence in the spatial space. Fig. 3.8c 

shows that the strong divergence (convergence) of surface currents on the RHS (LHS) of 

the hurricane center is responsible for the decrease (increase) of Ὄ . 

The current-induced wavenumber shift depends on the spatial gradients of currents in 

the propagation directions of surface waves (see Eq. (3.3)). The effect of this process is to 

decrease (increase) for the case of waves propagating into spatially accelerating 

(deaccelerating) currents. Figure 3.7c shows the effects of this process are limited to the 

ScS region with an increase of Ὄ  (5-7%) along the storm track. The current-induced 

wave refraction depends on the gradients of currents along the wave crest direction (see 

Eq. (3.4)). The basic effect of this process is to turn surface waves towards the area with 

lower absolute propagation speeds. Figure 3.7d shows that this process significantly 

reduces Ὄ  (up to 10%) along the RHS at ~25 km off the hurricane track. This 

reduction of Ὄ  coincides with the maximum northward current on the RHS of the 

hurricane track: the vorticity is cyclonic (anticyclonic) on the left (right) side of this 

maximum speed line. As surface waves also propagate northward, these tend to refract 

wave energy away from the line of maximum current speed and reduces Ὄ . 

It is noted that the energy-weighted mean wave directions are approximately northward 

on both sides of the storm track (Fig. 3.8b), indicating that the waves fields contain a large 

fraction of remotely generated swells moving in harmony with the hurricane as discussed 

above. It should be noted that, however, the dominate wave directions at the spectral peak 

are mostly determined by locally generated wind-sea (i.e., cyclonic relative to the storm 

center) as shown in Xu et al. (Fig. 6, 2007). 

Hurricane Juan also generated significant temperature changes in the upper ocean in 

the vicinity of the storm track. Figure 3.9a presents differences in the SST between 

September 27 and October 1, 2003 computed from the satellite-derived SST generated 

every 48 hours for North America. The satellite data were extracted from the dataset known 

as the SST14NA (http://www.class.ncdc.noaa.gov/saa/products/welcome). Here we only 

show the satellite SST data in regions covered with a value of ñreliabilityò greater than 75 

http://www.class.ncdc.noaa.gov/saa/products/welcome
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("reliability" values are in the range of 0~150 in SST14NA), since reliable SST data are 

not available over the cloud cover regions. Figure 3.9a demonstrate that there was 

systematic SST cooling centered about 60 km to the right side of the storm track over the 

region from the deep water near the shelf break of the ScS to the Gulf of St. Lawrence. The 

simulated SST changes during the same period in Run_WaveCir (Fig. 3.9b) feature a 

similar highly right-biased SST cooling pattern relative to the hurricane track with a 

maximum SST change of -4.2oC, which is, in general, consistent with the satellite-derived 

SST changes. The discrepancy between observations and model results over areas south of 

~41oN could be attributed to baroclinic processes associated with the movement of Gulf 

Stream Meanders that are not simulated correctly due to inadequate model resolutions and 

imperfect model physics. In comparison with Run_WaveCir, the modeled SST change in 

Run_CirOnly is smaller with a maximum SST change of only about -3.0oC. This 

demonstrates the important role of WCIs in enhancing the vertical mixing in the ocean 

upper layer. 

A cross-shore transect over the ScS (Fig. 3.9c) is selected to show the vertical structure 

of temperature. As shown in Fig. 3.10a, the ocean upper layer is highly stratified and the 

initial mixed layer (ML) depth is ~40 m before Hurricane Juan. Hurricane Juan reduced 

the vertical stratification as shown in Fig. 3.10b. Figure 3.10c demonstrates that the 3D 

wave forces enhance the vertical mixing almost throughout the whole water column along 

this transect by decreasing the temperature in the upper 50 m depth layer and increase the 

temperature just below it. The temperature changes are up to ~1oC. The effect of breaking 

wave-induced mixing, however, is limited only to the top ML. The magnitude of 

temperature changes induced by this mechanism is about a half of that induced by the 3D 

wave forces. It should be mentioned that in addition to the 3D wave forces and breaking 

wave-induced mixing, another important WCI process on the circulation is the nonbreaking 

wave-induced vertical mixing (Qiao, 2004), which has not been implemented in the couple 

model. It is expected that the effects of waves on the vertical mixing would be stronger 

when this process is included. 
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Figure 3.2: Time series of observed wind speeds (left) and directions (right) in comparison 

with the original and modified CFSR winds at three buoys over the Scotian Shelf and 

adjacent continental slope during a period of ~4 days in late September 2003. Hurricane 

Juan occurred on late September 28 and early September 29. 

 

 

Figure 3.3: Distributions of instantaneous wind vectors for the (a) CFSR winds and (b) 

Modified winds during Hurricane Juan at 22:00 September 28, 2003.  
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Figure 3.4: Comparison of observed and simulated significant wave heights and peak 

periods during Hurricane Juan in late September 2003. Abbreviations are used for the right 

hand side (RHS) and left hand side (LHS) of the storm track. 

 

 

Figure 3.5: Comparison of simulated and observed wave spectral in one dimension during 

Hurricane Juan. 




















































































































































































































































