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ABSTRACT

This thesis examineffectsof wavecurrent interactions (WCIl®n surface gravity waves
and ocearcurrentsover theeastern Canadiacoastaland shelfwatersusinga coupled
wave-circulationnumericalmodel.The coupled model consists afmeedimensional (3D)
circulation model and a thirgeneration wave modeComparisons of model results with
in-situ oceanographiobservationanade with boys and ADCPs and remosensing
measurements from satellites and high frequency (HF) radars demonstrate that the
inclusion of WClsin the coupled modedignificantly improves the model performarine
simulating ocean waves, currents and hydrographigr ®astal and shelf waters
particularly during extreme weather events

The important WCI mechanisms a@he 3D oceancurrentsexamined in this study
include the 3D wave forcdyreaking wavenduced mixing, andvaveinducedvertical
Reynolds stres3hereseachresults demonstrate thiie vortex forceformulation with a
separatiorof the 3D wave force intoonservativgvortex force and Bernoulli headnhd
norrconservativébreaking wavenduced acceleratiorpntributions performs bettethan
the radiation stress formulatiom simulaing the waveinduced3D oceancurrentsover
coastal watersinderhurricaneconditions Furthermore,lie 3D wave force and breaking
waveinduced mixingare foundo improve the model performancesimulatingthestorm:
inducedseasurface temperature changé$e researclresults also demonstrate thiae
waveinducedvertical Reynolds stress animportant proces$or transfering the wind
momentum to the water colunnmaddition to the turbulent Reynolds stress

The importan WCI mechanismsn surfacegravity wavesduring storm eventsiclude
the relative wind effegtcurrentinduced convergencand refractionwhich collectively
resultin differentwaveresponsesn thetwo sides of the storm traclSignificant wave
modulatbns bythe hurricaneinduced neaimertial currents and semidiurnal tidal currents
arealsodemonstratetiased on analyses lodth observations amtimericalmodel results.
Tidal modulationsn the Gulf of Maineare mainly due to the strorgprizontal gragents
of tidal currentsnear themouth of the Gulfresulting in great effects @urrentinduced
convergence refraction and wavenumber shiftn addition, the curreménhanced
dissipation becomes important during high winds by reducing the magnitude tdial
modulation.
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CHAPTER 1

INTRODUCTION

1.1 Background

Surface gravity waves are among the most energetic motions in the uga@oadime
scales from seconds to minutegh wavelengths of one to hundreds of metésean
currents(driven by wind, tide, and density®y contrastare associated with time scales
from hours to years anspatial scalg of one tothousands of kilomets. Despite their
distinctive scales, thes&o motionscan interact with each other.

Reliable knowledge ofwavecurrent interactios (WCIs) in the ocean is of great
importance to mangcientific am engineeringapplications, such as weather foreaasti
(Chen and Curcic 2016), coastal ocean forecastirgtaneva et al.2016), trajectory
forecasting Rohrs et al. 2012), oil spill analysisGuo et al, 2014), sediment erosion
analysis(Lettmann et a).2009), site selection for offshore infrastructufdashemi and
Neill, 2014), and ddiasing of remote sensing measuremeAts{uin et al, 2016).Yet
W(Cls are notroutinely implemented n t odaydés many ocean predi
ocean wave and circulation models are run separayessuming th&/Cls to besmall
andthus can be negle=d

Physically, ocean currents can modify the relative speeds of the air above the sea
surfaceknown as theelative wind effect and change the absolute frequencies of waves via
a process known as the Doppler st8patial variability of currents canodify 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 wavesavhen
encountewopposing curmets (Ardhuin et al, 2012).In addition tooceancurrents, the sea

surface elevatiomodifies the total wigr depth experienced Isyrfacewavesandthereby



can greatly affect the depthduced wave refraction and dissipation over coastal waters.

Surface gavity waves in return, can affect ocean currentshrough various WCI
mechanisma (Fig. 1) At the sea surface, surface wawathance the wind stress by
increasing the surface roughness length ,(Banelan et al. 1993)and modify theair-sea
momentum flix budget through wave growth ardissipation Perrie et al, 2003;Fan et
al., 2010) At the oceanbottom, the interaction of surface waves with the sea bed can
enhancehe bottomshearstressexperienced by currenfs.g, Wijesekera et a/.2010) In
the upper ocearsurfacewavescanenhancehe turbulentmixing through the Langmuir
circulation, breakingand nonbreaking wave$he Langmuir circulatiorarises froman
interaction of the Stokes drift with the mean fl@@raik-Leibovichvortex force Craik and
Leibovich 1976. The breaking wawénduced mixingnvolvesa turbulent kinetic energy
(TKE) input at the surfacéCraig and Bannerl994), and the nonbreaking waweduced
mixing involvesan interaction between the wave orbital velocity and the tentbuklocity
(Qiao et al, 2009. Furthermore, similar to the turbulent Reynolds stressntminear
feedback okurface waves oocean currets resultsin thewaveinduced Reynolds stress
which are responsible for generating the wandriced setupyndertow,longshore currents,
and rip currents in the surf zon@.onguetHiggins and Stewart1964. The three
dimensional (3Dhonlinearfeedback of surface waves on ocean cusrgid wave force)
can be formulated through the concept of radiation stresk({@Slor, 2003) or vortex
force (VF) McWilliams 2004;Ardhuin et al, 2008b).It is noted thattiese two methods
incorporatethe material advection bthe Stokes drift andthe waveinduced vetical
Reynolds stress componeat) (0, U, and 0 are the wave orbital velocitiedlere, 00
is equivalent to an interaction between the Coriolis force and the StokeSHirijty,
known as the CorioliStokes force (e.gRolton et al, 2005). Another waveinduced
vertical Reynolds stress componed , howeverjs not incorporated in these two methods,
and itis recently found to bequivalentto a subsurface projection of the wind pressure
correlated with the wave slopk!éllor, 2013).
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Figurel.l: Schematic showing importamwavecurrent processeasthe threedimensional
ocean circulation

With the rapid development of computational technolayy stateof-the-art numerical
circulation models and sate gravity wave modelgreat efforts have been made in the
last decade to study the potential effects of ¥@i the atmosphereceanwave system
over differentocean waterground the world using newly developed coupled modelling
systems. For exampleffadhe U.S. east coasDlabarrietaet al. (2012) showed that the
combined wave agand steepnedsased sea surface roughness parameterization provided
the best results for wind and wave growth prediction during storm evantse@outhwest
Western Austliancontinental sheJiWandres et al2017) found that the simulated surface
waves can be greatly modulated (up to 25%) by the Leeuwin Current, a stiengrd
flowing boundary currentnlthe Adriatic Se&Sikiric et al, 2012) and the German Bight
(Staneva et al2016),amodelobservation comparison showed improved modelling skills
in simulating the surface waves and upper ocean currents when the effectssof/&c]
taken into accountnla semienclosed baignown asliaozhou BayChina,Gao et & (2018)
demonstrated that the inclusion of V8@ crucial to accurately simulate the suspended

sediment dynamics.



The eastern Canadian shelf (ECSy. 12) considered in this thesis consistscofstal
and shelf waters dahe Labrador and Newfoundlarghelves, Grand Banks, tilf of St.
Lawrence the Scotian Shelgndthe Gulf of MaineThe ECSs socially and economically
important since it supports commercial and recreational fisheries, offshore oil and gas
exploration and production, marine reatien and tourism, aquaculture, shipping and
transportation, and other economic activities that directly contribute tcCamadian
economyTheWCls can beexpected to bsignificant over this regigrparticularly during
extreme weather conditionsincethe ECSis affected frequently by winter storms and
occasionally by hurricanellurricane Juan, as an example, @wasntense tropical cyclone
and caused heavy damage in Nova Scotia and Prince Edward Island in late September 2003.
Hurricane Juan reachedtegory 2 strength on the Saffsimpson hurricane scale @7
SeptembeP003and made landfall on the south coast of Nova Scotia near Halifax early on
29 September, with maximum sustained winds of aboutkb®®. This storm generated
about 2 m storm suegin 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 4428 at Chebucto Head outside of the Harldeodarty, 2003). The other example
i's fAWhit ehwasadurricanes w lr ie 1 gdster blizzand éand affected most of
Atlantic Canada in February 2004. White Juan hadweragenowfall rate of 5 cm-hfor
12 h, and winds blew at up to 124 kn. White Juan produced hurricastrength winds
at sea with 145 m swells, prompting a special marine warning. Although the storm
induced ocean currents and ocean waves over the ECS during Hurricane Jusindiexte
previously bySheng et al2006) andXu et al.(2007), the WC3onthe ECS during extreme

weatherconditions such as Hurricane Juan and White Juan remain to be studied.

Three specific subegions of interest on the EGBIig. 1.2) are further considered in
this thesis, including the Lunenburg Bay (LB), the Gulf of Maine (GoM), and the central
Scotian Shel{ScS) adjacent to Halifax. These three-seffions are selected for my thesis
work for many considerations including availability of higbality observations of ocean
currents and surface waves made by various instruments, which are of great importance t
assess the performance of the coupled veaoeilation modding systemand examine the
significant effects of W& based on the observations and model results over these sub

regions.
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Figure1.2: Major topographic features over th@abradorNewfoundland Sheks Grand
Banks,Gulf of St. Lawrence, Scotian Shelf, and Gulf of Maifhbke rectangle¢from left

to right) outline the Gulf of Maine, Lunenburg Bay, and central Scotian Shelf adjacent to
Halifax, repectively The blue triangles denote wave buoy locations, thedredcircles
denotethe high frequency (HRdarstations The blackand graycontour lines represent
respectively thé0 mand 200 m isobaths. Abbreviations are used for the Bay of Fundy
(BoF), Northeast Channel (NEC), Georges Bank (GB), Great South Channgl (GSC

The LB (Fig. 1.2) is a semierclosed bay located on the south coast of Nova Scotia.
The nonlinear feedback of surface gravity waves on oa@arents is expected to be
significant over this coastal region where degdtmited wave breaking takes plackk
200106, a multiagency research initiative was undertaken to develop a relocatable marine

environmental observation and prediction system, usingassianilative and coupled



models guided directly by redime observations, for interdisciplinary researchLB.
High-quality current and wave observations were madeBinvhen Hurricane Juan made

a landfall within 50 km of the site in September 20081(g et al.2007). Previous stlies

of ocean currents and surface gravity waves in LB during Hurricane Juan were made by
using a circulatioronly model without inclusion of the surface wave forééaxg et al.
2007;Sheng et a].2009) or using a depihtegrated (2D) surface wave fer@Mulligan et

al., 2008). Simulations of 3D coastal currents Biwith the effect of the 3D surface wave

force on currentgvere notmade

The GoM (Fig. 12) is a semierclosed coastal basinordered by the northeastern
United States and the Canadian Nlare Provinces. The GoM is characterized by large
semidiurnal Mt i d al currents, with the worl dos | al
reaches of the Bay of Fund®reenberg 1983; Hasegawa et al. 2011). The semidiurnal
tidal currents are also strongcaup to 1.0 m/s over the mouth of the G@vhce the mouth
of the GoM is exposed to large swell wawesning from the North Atlantic Ocean, strong
tidal modulations in suaice waves are expected to occline scientific issues on tidal
modulatiors of surface waves in th&oM, howeverwere not addressenhtil 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 Zal) (201
demonstrad large impacts ajcean currents on wave heights®aorges Bankluring a
stormevent based on numerigasults. Itis noted that these two studies focused mainly
on short timescales associated with a single storm event. The relphgsical processes

controlling the wave modulation by tidal curreintshe GoMwere notfully addressed.

The central $S adjacent to HalifaXFig. 12) is part of thecontinental shelf, located
southwest of Nova Scotidhe ScSs dynamically connected with geographic arefthe
Gulf of St Lawrence and the GoMThe generalmean circulationon the ScSis
characterized by a persistaouthwestward coastal j&dnown as thé&lova Scotia Current)
centered aapproximately 45 km off the coast. Temporal variability in the wiation over
this region features highly intermittent storminduced nearinertial oscillationswith
maximum speeds of order 0.20 mAnflerson and Smitti989). As part of the Marine
Environmental ObservationPrediction and ResponsgMEOPAR) network, a hjh



frequency (HF) radar system (CODARJth two longrange HF radars was deployeil o
Halifax Harbour, Nova Scotie 2015 to monitor surface oae currents over this region
This new system produces higinequency (hourly) and high spatial resolution (i)
maps of surfaceceancurrens, providinga rich databasker the studyof thesurfaceocean
circulationoverthis region Furthermoreit providesa source of observatidn assess the
modelperformance, especially with the inclusion of VBGh simulating ocean currents

over thissubregion.
1.2 Objectives of theThesis

Themain objectiveof my doctoral researchiasto examindhe effectsof WCls, as well as
contributions from different WCI mechanisms, surfacegravity waves and 3D ocean
circulation in the eastern Canadian watarsingobservations and numerical modelsie
important WCI mechanisms on surface waves considered in this thesis include the relative
wind effect, currentinduced convergencgerefraction, and wavenumber shift. The
importantWCI mechanisms othe 3D ocean circulation examined in thigesis include

the 3D wave forcethe breaking wavenduced mixing, and the waisrduced vertical
Reynolds stress.

Specifically, ny thesigesearchvascarried outfor threespecificregionalocean waters
of the ECS including(1) LB, (2) GoM, and(3) central $S adjacent to HalifaxOn the
ECS, my thesis work focuden the study of effectsf WCIs onthesurface graity waves
and 3D ocean circulatiamderextreme weatharonditions In LB, my thesis work focuse
on the performance assessment of two major different formuldiiensRS and VFjor
the nonlinear feedback of surface gravity waves3@hocean currents. Ithe GoM, my
thesis work explomthe semidiurnal tidaimodulation insurfacegravity wavesover this
region On the centralScS adjacent to Halifaxmy thesis work first examed the newly
HF radarderived surfaceirculation featureswith a focuson the modulation athe near
inertial oscillationsby low frequency current variahs Thenthe HFradar data during a
particular winter storrwvereused to furthestudy the effects of surfageaves orthe storm

induced 3Dcurrents with a special emphasis on the waweuced vertical Reynolds stress

To achieve the above objectives,tvao-way coupled waweirculation modelling



systemwasdeveloped, as part of my thesis work. The coupled modelling sybtgni..3)
consissof a 3D circulation model based tihre Princeton Ocean Model (POBNHd a third
generation wave model based WAVEWATCH IlI (WW3) or Simulating WAves
Nearshore (SWAN)The circulation model and the wave model communicate with each

other via adynamic coupling softwarenown asOpenPALM(Fig. 14).
1.3 Outline of the Thesis

The structure of this thesis is as followsChapter 2, a twavay coupled waveirculation
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 current§he 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.

Hurricane wind model

U/ N

Circulation model Wave model
(Dalcoast) (WW3 or SWAN)
Z
@N %OC
2 He)
Coupler
(OpenPALM)

Figure 1.3: Two-way coupled waweurrent modeling systembased on an ocean
circulation mode(POM)andanocean wave modéWW3 or SWAN) An external coupler
known as Open PALM is used to exchange information between the circulation and wave
models.
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In Chapter 3thecoupledwave-circulationmodellingsystems appliedto theECSand
adjacent deep watets examine theeffectsof WClIs on suface waves and 3D ocean
circulationunderthreesevere storm events: (a) Hurricane Juan, (b) Hurricane Bill and (c)
a severe winter stornrk nown as A WContribetions) fuom different WCI

mechanisms are further investigatetbugh processriented numerical experiments

In Chapter 4 the in-situ oceanographieneasurements made with operational wave
buoysin the GoM areanalyzed tonvestigate theemidiurnaltidal modulation in surface
gravity wavesThe couplednodellingsystemused in Chapter 3 appliedto examinehe

relevantphysical processentrolling the tidal modulation over this region

In Chapter S5the HFRradar measumeentson the centrabcSadjacent to Halifaxiuring

three winter months aemnalyzed to examine tldservedurface circulation features, with



aspecialfocuson the modulation ahe neaiinertial oscillationgy low frequency current
variationsover ths subregion Two advanced shelf circulation models with different
strengths are further used to examine these newly obsemadation features and
relevantphysicalprocesses.

In Chapter 6the HFradar measurementiescribed in Chapter 5 durirgparicular
winter stormareusedto study the effects &urfacegravity waves on ocean currents, with
a special emphasis on the wamducel vertical Reynolds stres3he samecoupkd
modelling systemin Chapter 3updated with the implementati of the wavenduced

vertical Reynolds stress used for this study.
An overall summary and conclusi@given in Chapter.

Chaptes 2-6 are based onve separate papers. Therefore, some similar background

material can be found in these Chapters. In particubdrdescribing th&VCl physics as

well as the model setup are similar in several chapters. Chaptexs published in
Continental Shelf Research under the tfiéAssessing theerformance oformulations

for nonlinearfeedback ofurfacegravity waves onoceancurrents overcoastalwater®
(Wanget al, 2017). Chapter 3vas published inthe Journal of Geophysical Research
Oceansunder the titleof A comparative study of waveurrent interactions over the
eastern Canadian shelf under severe weather comglitising a coupled waxgérculation
modeb Wéngand Sheng2016) Chapter 4was publishedn the Journal of Physical
Oceanographynder the title of ATi dal modul ati on
Ma i n(Wamg and Sheng2018) Chapter5 was submitted to the Journal of Physical
Oceanogr aphy wodllation ofndaenertiail oscillationobflowfirequency
current variations on the inn8cotian Sheli Chapter 6 has been submitted todbarnal

of Geophysical Researdbceansunder h e t i Eflects ofowaveriduced vertical
Reynolds stress on ocean currents over the Scotian Shelf during a wintér Stopgright

permission letters for Gipters 23 and 4are provided iRppendixF.
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CHAPTER 2
ASSESSING THE PERFORMANCE OF FORMULATIONS FOR
NONLINEAR FEEDBACK OF SURFACE GRAVITY WAVES ON

OCEAN CURRENTS OVER COASTAL WATERS!

2.1 Introduction

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

currents are an important research topic in the ocean science comespegially for the

nonlinear feedback of surface waves on the 3D ocean currents. A good understanding of
the wavecurrent interactios (WCIs) is of great importance for accurate predictions of

ocean currents and waves over coastal and shelf waters f@tteoébcean surface waves

on ocean currents is wusually specified in
Aradi ation stresso ( RS)avefaged NavieéBtmkes eguationsn t h e
for the 3D ocean currents. The RS formulation ¥uas$ introduced byLonguetHiggins

and Stewart(1964, hereinafter LS64) as a dejptkegrated (2D) version defined as an

excess momentum flux in the presence of ocean surface gravity waeks: (2003,
hereinafter MO 3) e Xt endiendto d@ degttdepeSdert @) 2D R
versionusingawave ol | owi ng vertical coordinate. Si
has undergone several modifications following scientific debates in the community.
Ardhuin et al(2008a) pointed out that the estimatadra vertical flux of wave momentum

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

1 Wang, PJ. ShengandC. G. Hannah, 2017. Assessing geeformance oformulations fomonlinear
feedback ofurfacegravity waves omoceancurrents ovecoastalwaters.Continental Shelf Research
146, 102107.

11



is insufficient for its application to a sloping bottom. Consequetsgjjor (2008, 2011
hereinafter MO8 1) modi f i errdulatib@ I3y dsodRiBy asusface concentrated
Delta function. More recentlyellor (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 versioof RS in M15 is identical to that in MO3 except that the VRS
term is dropped out, which is contraryAadhuin et al (2008, 2008h 6 s a rthatthimme n t
term should be given a consistent estimation using a more complex wave theory.
equations based dne RS formulation, the prognostlependent variable is the Lagrangian
mean velocity, namely the combined Eulerian velocity and Stokes drift, which satisfies the
nontdivergent 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 introduce€iaik and Leibovich
(1976)for describing Langmuir circulation®cWilliams et al.(2004) extended the work
of Craik and Leibovicl{1976) and presented a set of 3D waveraged equations with the
Eulerian mean theory. These equations were obtained by a multiple asymptotic scale
andysis, in which waves and currents are separated in amplitude and horizontal space and
time scales. In these equations, the wawveraged effects on currents are represented as a
combination of VF formulation and a modified pressure which is theoretiegilivalent
to the RS representatiohgne et al. 2007). With the generalized Lagrangian theory
(Andrews and Mclintyre1978),Ardhuin et al.(2008b) derived a different set of wave
averaged equations that is generally consistent with thdge\Mlliams etal. (2004) for
cases of weak vertical current shears. The equations presenfedhoyn et al.(2008b)
describe the evolution of the qudsilerian velocity Andrews and Mcintyrel978), which
differs from the Eulerian velocity only due to the currentigal shear. Thus, fahe case
of weak current vertical shear, the quisierian 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-tovial, and the quadtulerian velocity and

Stokes drift are separately ndivergent.

The performance of previous versions of

12



11) over the surf zone was assessedbgs and Warne(2009), Bennis et al(2011),

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

Bennis et al( 2011) found that MO36s RS formul at
velocities over a sloping bottom due to its insufficient estimation of the RS Keimar

et al. (2011) andMoghimi et al.(2013) found that MO8 1 6s RS f or mul at i c
unrealistic flows in the wave shoaling reg
formulation has been widely implemented in various coastal ocean moddtaiad to be

able to improve the model performance. For exanigiégios et al.(2014) found that the

i ncl usi on formulatdO iBhpreves B8 moded depthmean currents and the

long-term residual circulation in a tide dominated estu@tgneva eal. (2016) found that

both the simulated sea level and currents in the German Bight are improved during an
extreme event by implementingMd81 6 s RS f or mul ati on in thei.:H
model. On the other hand, the VF formulationMdWilliamset al. (2004) was validated

by Uchiyama et al(2010) andKumar et al.(2012), and the VF formulation &ennis et

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

et al. (2008b), was validated blichaud et al(2012) andMloghimi et al.(2013). The VF

formulation was found to be able to produce reasonable 3D nearshore circulations. More
recently, howevenMellor (2016) questioned existences of the vortex force term and the
nonzero vertical Stokes drift term 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 applicabiMtgllafé s appr oach
to a sloping bottoni,aneet al (2007) showed that the lowestder 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
comparedo 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 hast been assessed and compawéth the VF

formulaion over coastal waters in the literature.

Il n this study, we conduct numeri cal expert
VF formulation and M156s RS formulation in

The first idealized test case was sestgd originallyby Haas and Warne(2009), which
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consists of spectral waves obliquely approaching a mildly sloping planar beach. The second
case was initially designed tyaller et al. (2002) in the wave basin at the University of
Delaware, which consistsf 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 weveulation models Haas and Warner2009;

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

the storminduced 3D circulation during the landfall of a hurricane in Lunenburg Bay,
which is a semclosed bay located to the south coast of Nova Scotia.

The coupled waveirculation nodelling system implemented with VF and RS
formulations is described in secti@2. Performance assessments of two formulations with
two idealized test cases are given in secB@n Applications of the coupled system with
the use of these two formulati® in Lunenburg Bay during Hurricane Juan are discussed

in section2.4. Thesummary and discussi@me provided in sectioR5.
2.2 The Coupled Wave-Circulation Modeling System

The twoway coupled waveirculation modelling system consists of a 3D ocean
circulation model based on the Princeton Ocean Model (POM), and agdmatation
wave model known aSimulating WAves Nearshore (SWAN)n automatic coupler is
used to exchange information between the circulation and wave modelsl@cted

coupling tire interval.
2.2.1 OceanCirculation Model

POM (Mellor, 2004) is a 3D, sigma coordinate, primitieguation ocean circulation model.
The waveeffects on the 3D circulation aspecified in POM using the 3D surface wave
forces specified in terms of the VF RS formulations, and breaking waweluced

mixing.
2.2.1aThe Vortex Force Formulation
Equations based on the VF formulation describe the evolution of the-Eulasian

velocity vector 6fOh)  given as
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6hoh) o TYhoho (2.1)
where “Yhohb are components of the Stokes drift velocity amafOh) —are
components of the mean Lagrangian velocity in the horizoogab and vertical ¢

directions, respectivelyFollowing BAD11, he flux form of momentum equations is

written as:

_ ® ——
—Y —w — 0y 'Oj (2.2)

_ ®» —— Oy
—Y —w — Oy 'O (2.3)

and the continuity equation is expressed as

— — — 7 (2.4)

where "Qis the Coriolis parametet, is a reference density, is the hydrostatic pressure,
"O; HOy represents the mixing effects for exchanging or redistributing the momentum
vertically, "Oy HO; represents theon-conservativeforce of dissipation due to wave

breaking, and is the Bernoullihead (or wavénduced mean press) given as
b A—" 0, 0— (25)

where O , h— is the frequencylirection variance spectrum computed from SWAR,

is the wavenumbey, "QQO'DOQ s the relative radian frequenc® "Q - isthe
total water depthit should be mentioned that in the flux forms of EG2) and 2.3), the
vortex force terms daot appear explicitly and their contributions are incorporated in the

advection terms.

With the modesplitting, the equatiorof the surface elevatior can be expressed as
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— 6 Y— 0 o— 0 ® (2.6)

Using the flux form formulation, the termd ( @ can be treated as one variable, and the
calculationof @ is not neededhe horizontal Stokes drift velocity vector must be known

and it is defined as

Q, Q— 2.7)

s the wavenumber vectdn the deep cean™Q(® Hs, the hyperbolic function
terms in 2.4) and .7) approach té @ &QQ

Expressions for 'Oy ROy,  are given as
00 B% ba xEGE 9 Al GE (2.8)

where %o is the dissipation function of a spectral wave mpdelx is a vertical
distribution function suggested bychiyama et al.(2010) following the vertical
distribution of the Stokes drift ir2(7), 'O is the significant wave heightnd @  T@& is

a constant.
2.2.1bThe Radiation StressFormulation

Equations based on M156s RS formul ati on

velocity vector 6lOh)  defined as:

_ _ _ n (2.9)
- — — — W —— — — Oj (2.10)
- — — — Q6 —— — — O (2.11)

wherethe radiation termsY RY RY ) are given by:
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Y A QQ,h——"100 OO0 00 Q, Q— (212a)
Y Y A QQ,h——"00 Q, Q— (2.12b)
Y A QQh——"100 OO0 00 Q, Q— (212¢)

where Q and Q are the wavenumber commnts in thecw and  direction and the

vertical structure functions are:

0 ——n0o — (2.13a)
0 —no — (2.13b)
As Q® Hy, all the Oterms in 2.13a) and 2.13b) approach td g®4& — . In

MO03, the vertical radiation stress (VRS) terms {ieY & aand? "Y T §appear

onthe right side 0{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 roleréistribute the wave

momentum in the vertical direction.
2.2.1cThe Breaking-WaveInduced Mixing

The Mellor-Yamada(MY) vertical mixing schemeMellor and Yamadal982) is used in
calculating the vertical eddy viscosity coefficient in the POM, in whioh surface

boundary condition without surface gravity waves is expressed as

nma  67om OG& T (2.14)
wherern) is twice the turbulent kinetic energy (TKH), is the length scale at the sea
surface,0 p @ is one of constants for the turbulence closure, @né the friction
velocity. Craig and Banne(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 fliixeoT KE at the sea

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

0

% & T (2.15)

where U is the mixing coefficientin addition, the surface length scale is selras Il ¢ ,
where[ @& is the von Karman's constant. The surface roughness léngthrelated
to 'O and defined agt 1 ."G6 according tdlerray et al.(1996, 1999)

2.2.20ceanWave M odel

SWAN (Booij et al, 1999) is a thiregeneration wave model that solves the wave action

0, h— —"  balance equatiowhich accounts for the WEI

— —® 00 —® VO —nl —od — (2.16)
The first term on the lefhand side of4.16) represents the local rate of change of action
densty in time, the second and third terms represent the wave propagation in spatial space
(with propagation velocitieso 6 and @ U in ® and U space, respectively) which
accounts for horizontal advection of waves by currents, afd represents ocean
currentsat depth of, ¥t A(Fan et al, 2009;Stewart and Jayl974, where, is the mean
wave length The fourth term represents deptnd curreninduced relative frequency
shifting (with propagation velocitgo in , space). The fiftherm represents depthnd
currentinduced wave refraction (with propagation veloctty in —space). The right
hand side 0fZ.16) contains the net source tefivi , which includes all physical processes
that generate, dissipate and redistigbtihe wave energyn the source termhe surface
wind velocity vectors=  used to calculate the wave growth due to winds is replaced by
F 179, which is the vector difference between the surface wind velocity and surface
ocean current. He | is a tuning coefficient. It should be pointed out that the use of the
full ocean surface current ( p) 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 wher
the winds do not adjust to the presence of curréathlin et al, 2012).In this study, we
set{ 0 . atcording toWang and Shen@016). In addition to currents, the sea surface
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elevation modifies the total water depth used in the wave model, whisipésted to be

large in the very shallow water regions wheuefacewaves could feel the ocean bottom.
2.2.3Coupling Procedure

The dynamic coupling software known as OpenPAD. 1.4 is used to exchange
information between POM and SWARpenPALM is a open source code coupler for
massively parallel mukphysics/multicomponents applications and dynamics algorithm
(http://www.cerfacs.fr/globc/PALM_WEB/index.htinlOne ofthe important feéures in
OpenPALM is facilities for scheduling of different coupling components execution either

sequentially or concurrenthAt a userspecific coupling interval, the sea surface currents
and water level fields produced by POM are transferred to SWAbcmunt for the WG
In return, fields of wave parameters calculated in SWAN are transferred to POM to

calculate the wavaveraged effects on the 3Drrents

2.3 Two IdealizedTestCases
2.3.1 TestCase 1:Spectral WavesObliquely Incident on aPlanar Beach

The dimension of the planar beach is 1000 m in the slogse direction (defined as the
x-axis) and 200 m in the longshore direction (ghexis), with a maximum depth of 12 m
and a conant 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 vertic&loth the test cases, we

put the shoreline and offshore ogd@undary at the west and east ends of the model domain,
respectivelyA quadratic bottom stress formulation is usethePOM with a constant drag
coefficient of1.5 1 G. A radiation boundary condition is specified at the offshore open
boundary oftie 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 wavesfield i
computed using SWAN by specifying a JONSWAP spectrum with a significant wave height
(O) of 2 m, a peak period of 10 s and an incident angle batlthe offshore boundary.
The spectral domain consists of 90 directional bins and 30 frequenciesehedvd4 and

0.5 Hz. To be consistent with previous studies, the coupling in this test casenayire
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which the simulated wave fields produced by SWAN are used in specifying the VF (or RS)
formulation inthe POM, without any feedback from the circuatimodel to the wave
model. It should baotedthat for this test case only we conducted an additional experiment
for MO306s RS formulation to discuss the
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Figure2.1: Crossshore distbutions of (a) surface elevations, (b) deptean crosshore
currents and (c) deptimean alongshore currents in the planar beach test case produced by
the circulation model of the coupled wasieculation modelling system using the VF (blue
dashed linegsand 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 whigpthe d
limited breaking criterion is reached. The coupled weiveulation modelling system is
integrated for one hour by which a steatgte of the circulation is reached. It should be
mentioned that an analytical solution for the surface elevation aottdyac velocities in
this test case is given lychiyama et al(2010).As shown inFigure 2.4, 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 credsore diregbn due to wave breaking. Meanwhile, an
off-shore flow is generated to compensate the viageced onshore mass transpatig(
2.1b). In the alongshore direction, strong longshore currents up to rare generated
due to the angle of wave approachomgthe shorelineFig. 2.1c). The use othe VF and
RS (M03 or M15) formulations in the coupled wanieculation modding systenleads to
highly similar sea surface elevations, deptean crosshore and alonghore currents in
this test case, which agrésrly well with the analytical solution produced bichiyama
et al. (2010.

Figures 2df demonstrate that the longshore currents produced by the circulation
model using the VF and RS (M03 or M15) formulations have similar vertical structures
inside thesurf zone. Significant differences occur, however, in vertical structures of cross
shore currents between these two formulations (Figs:@. For the VF formulation, the
crossshore currents have a tvayer circulation feature inside the surf zonetjma weak
onshore flow near the sea surface and a strong undertow (up to 025 easthe bottom
(Fig. 2.22), which is mainly driven by the sum of the pressure gradient induced by the
surface slopghe Bernoulliheadand the breaking acceleratidfid. 2.23). Outside the surf
zone, the crosshore flow is nearly uniform and offshore directed. The model results using
the VF formulation are consistent with previous numerical experimbetsyama et al.

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

pl anar beach. For M1506s RS formulation, th
decreases with depth inside the surf zone, and has-&y&o circulation feature with

strong onshore flow in the top few metemnslaeaward flow in the lower layer outside the

surf zone Fig. 2.2d). 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 zon&ig. 2.2h ) . I n comparison, for MO0306s R
net force inside the surf zone is completely reversed vertically by the inclusion of the VRS

(Fig. 2.2), 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,
Ardhuinetal( 2008a) showed that, e v esimatwudfhe de t h
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VRS based on the linear wave theory is inadegoaxe a slopping bottonTheyproposed

a method to correct for MO0O306s estitab@t i on ¢
nearly uniform over the vertical, but it is computational expensive. This highly non
uniform net force under nelareaking wave conditions induces a recirculation similar to

t hat found in an adiabatic test daingght usi ng
have some consequences for applications with complex topography as we will show in the

realistic application.
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Figure2.2: Vertical distributions of crosshore (upper panels), alosore (midée panels)
Euleriancurrents, and crosshore net force (lower panels) in the planar beach test case
produced by the circulation model of the coupled weiveulation modelling system using

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

The net force is defined & —— — G, & —— — —,and

& —_ . Positive crosshore currents are eshore directed,
and negative alonghore currents point out of the page.
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2.3.2TestCase 2:Rip Current over a Barred Beach

The bathymetry used in this test case is a scaled version of the bathynié¢ditieoet al.

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

m by 262 m in the crosshore (defined again as theaxis) and alonghore (yaxis)
directions respectively, with a horizontal resolution of 2 m. Thautation component of

the coupled model has 8 sigma levels in the vertical directiosliN®oundary conditions

are used at the coast, offshore and lateral boundaries. A quadratic bottom friction
parameterization with a bottom roughness height of 0n@ibused. 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 witfGaof 0.5 m, and a peak period of 3.16 s,
perpendicular to the coast. The specteabiution 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.
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Figure2.3: (a) Bathymetry for the barred beach test case. Mailts along the green

lines are presented in (b), (c), aRdure 2.5 Crossshore 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) andMichaud et al.(2012) and use a relatively large
horizontal diffusion coefficient (0.20 f18) in the circulation model in order to reach a
stable circulation quickly for direct comparisons of our results using twaehfféecedback
formulations with previous studies. Figuiz8b and2.3c present the croshore profiles
of 'O and sea surface elevationgspectivelyover the rip channel and the bar. The
simulated’© and sea surface elevations produced by the circulation model are very similar
in both the cases of using the VF and RS formulations. Through theanpahsignificant
wave shoaling occurs due to the interaction between the onshore directed waves and
offshore directed currents. Tharface gravity waves propagateorewardhrough the rip
channel and start to break abat 38m fromthe coast. Over thbarwave 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. waweduced setp) inside the bar locatiofrig. 2.3c). Through
the channel, the surface elevations first decrease due to theéndlaced setlown and
then increase almost linearly towards the shorelig. .3c). Over the bar, the surface
elevations also increase tamis the shoreline, but there is a sharp increase just behind the
bar locationDifferent sea level distributions at the channel and over the bar leddrye
horizontal pressure gradient in the alestwre direction that causes water flow from high
suiface 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 depthmean current fields produced by the circulationdeiausing VF and RS
formulations are also highly similar in terms of the general pattern and intdfigit (4.
The depthimean currents in both the cases feature narrow strong currents running out
through rip channels and recirculation cells developed imside and outside the bar. The
model calculated delpimean currents in botbases are in a very good agreement with
previous labaatory experimentdHaller, 2002) and numerical studidsumar et al, 2011;
Michaud et al. 2012). Large differences oagthowever, in the vertical structure of cross
shore currents through the rip channel and over theFmard.=-d). In the case of the VF
formulation Fig. 2.5), the flow over the inshore of the rip channel is onshore directed
near the surface and deases in magnitude with depth, with weak and offshore directed
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flow near the bottom. In the case of the RS formulatkig. (2.5), the onshore directed

flow over the inshore region is almost uniformly distributed throughout the water column.
Within the ripchannel and further offshore, a strong offshdirected 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'nmsthe middle of the water column

and decreases in magnitude towards the surface and bottom. Inshore of the bar location,
the flow structures producda) the model differ between the two different formulations.
For the VF formulationKig. 2.%), the flow is shoreward near the surface @ffghoreward

near the bottom due to wave breaking in the surf zone. For the RS formufagjod.fd),
however, the flow is offshoreward in the vertical with the offshore speeds decreasing with
depth, which is similar to the results inside the surf zonthé planar beach test case.
Further offshore, both feedback formulations give similar results with onshoreward flow

near the surface and offshoreward flow near the bottom.
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Figure2.4: Depth averaged fidk of (a) quaskEulerian velocity produced by the coupled
system using the VF formulation and (b) Eulerian velocity produced by the coupled system
using the RS formulation.
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Figure 2.5: Vertical distributiors of crossshore quaskulerian velocity produced by the
circulation model using the VF formulation (a) through the rip channel aty = 176 m and
(b) over the bar at y = 130 m, and Eulerian velocity produced by the circulation model
using the RS formulatiolc) through the channel and (d) over the bar. Comparison of
normalized model derived craeshore velocity with normalized observations from Haas
and Svendsen (2002) at (e) the chaane (f) 4 m off the channellertical black lines in

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

We follow Kumar etal. (2011,2012) and conduct a semuantitative comparison
between the observed and modeled vertical structure of thestroiss currents within the
rip channel and furtheffshore. The observed velocity profiles were obtained from the bin
averaged velocities of Test R Haas and Svendsef2002, HS2002) at all reported
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locations (Figs2.5e and2.5f). The observed and modeled velocities are normalized by the
correspondingnaximum crosshore velocities at the bar crest (x = 33 m), respectively. As
shown inFigure 2.%® and2.5, the normalized crosshore velocity profiles produced by

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

HS20@ at their observation locations.

Analyses of model results with two different formulations for \&/@I 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 rgproducing the observed vertical
structure of the crosshore currents inside the surf zone. By comparison, the VF
formulation,which separates the 3D wave force into conservdtivee (vortex force and
Bemoulli head and norconservative force due wwave breakingperforms reasonably
well in simulating the waworced 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 wawarculation 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 years2001-06, a multiagency research iniive was undertaken to develop a relocatable
marine environmental observation and prediction system, usingasgtailative and
coupled models guided directly by réahe observations in Lunenburg Bay (LBg. 2.6).
High-quality current and wave obs@ations were made in LB when Hurricane Juan made
a landfall within 50 km of the site in September 200&(g et al.2007).

Hurricane Juan was an intense tropical cyclone and caused heavy damage in Nova Scotia
and Prince Edward Island in late Septemb@03. Hurricane Juan reached category 2
strength on the Saffisimpson hurricane scale on 27 September and made landfall on the
south coast of Nova Scotia near Halifax early on 29 SepterRlger2(§, with maximum
sustained winds of about 158 krit &nd arapid translation speed of about 20 ¥ $he
storminduced 3D circulation in LB during Hurricane Juan was previously examined by

Wang et al(2007) using a 3D fineesolution (60 m) coastal circulation model, and re
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examined bySheng et al(2009) usinga more advanced nestgdd circulation model.

Both studies reproduced reasonably well the observed currents under normal conditions,
but less well during extreme weather conditiofig.(9 in Wang et al.2007), which may

be due mostly to the omission sfirface gravity wave forces in their circulation models.
Mulligan et al. ( 2 0 0 8) considered the surface wave
formulation in a study of the waxdriven flow in LB during Hurricane Juan, but their

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

This motivates us to apply the newdgveloped coupled wax@rculation modding with

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

gravity waves and cumgs in the Bay
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Figure2.6: Selected bathymetric features within the model domain of the Lunenburg Bay
model. The filled triangles denote the observation locationsbrAviations are used for

Cor k umonsl (CCh @pper 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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2.4.1Model Setup

The circulation model for LB is constructed as a shufienan coastal ocean model based
on the POM Fig. 2.6). Previous studies demonstrated that, with proper open boundary
conditions and reliable atmospheric forcing, a sktgienain model has reasonable skills

in simulating the tidal and windriven circulationsn LB under an extreme weather event
known as Hurricane Juaiwang et al. 2007).Sheng et al(2009) demonstrated that a
nestedgrid coastal circulation model for LB during this event has similar performances as
the singledomain model. Considering thattlfocus of this section is on the coastal ocean
circulation inside the Bay, a singtomain model is considered here. Since the vertical
stratification is very weak in LB during Hurricane Judmdi et al, 2007), the model is

run in barotropic mode witretnperature and salinity held fixed. Along the model open
boundaries, the following radiation catidn (Davies and Flatherl1987 is used:

Y Y -- - - (2.17)

where Y and — are the model calculated normal flow and surface elevation at the open
boundaries,”Y is a specified normal flow and set to the normal flow at gd points
closest to the open boundari®é  for simplicity, & is theexternal gravitpphase speed.

— and — aresurface elevatiamassociated with tides and remotely generated waves,
respectively. We followVang 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 seallebservations at the harbor, ard is

determined from thebserved nottidal 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 domainns@sts of 36 directional bins with(° of
resolution and 23 logarithmic frequency bins ranging from 0.04 to 1.06-Hz @ V.

Similar toMulligan et al.(2008), the observed time series of wave spectra at site DWR are
applied uniformly along the opeboundaries. 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
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spatial variabiliy occurs in the wind forcing in LB, which will affect the smsadiale

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

Four basic numerical experiments are conducted in this case to examine effects of
W(Cls on the surface wave field andet 3D ocean currents: the coupled model run for the
VF formulation (Run_VF), the coupled model run for the RS formulation (Run_RS), the
waveonly model run (Run_WaveOnly), and the circulatrly model run
(Run_CirOnly). Each model run is integrated foree days from 27 September (day 269)
to 30 September (day 272) 2003, and the coupling interval betwe®®M and SWAN

is set to be 6 min.
2.4.2\Wave M odel Results

Figure 2.7presents time series of observed and simul&Bedpeak wave pericg and
dominate wave directions at site BIO. In comparison with observations, theonbve
model run (Run_WaveOnly) performs reasonably well before and after the storm, but
underestimates the maximum observéd by ~1 m duringhe storm, which is consistent

with the previous finding made u et al.(2007) using a nested wawaly model Fig.

4a inXu et al, 2007). The use of the VF and RS formulations (Run_VF and Run_RS) in
the coupled waweirculation modelling system impves the simulated maximuri® 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 differencesgthese three
model runs (Fig2.7b and2.7c). Thepeak wave periods are around 10 s and the dominate
wave directions are around P3fefore and after Hurricane Juan at site BIO, indicating the
wave field in the Bay is dominated by swells propagatinghftbe southeast direction
during this hurricane period.

Figure 2.& presents the instantaneous wave field produced by the coupled modelling
system using th¥F formulationat the time of the maximurfO (at year day of 271.17)
at site BIO. Large hurricanrgenerated waves propagate from the model open boundary
into the Bay Fig. 2.8&) and break along the north coast, over the submshgednear the
mouth of theBay, and around the south headlaRig(2.&). These intense breaking waves
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are responsible for the strong wadt@ven circulation in the Bay as we will discuss later.

We next examine the effects of W&&In the 'O in the case of the VF formulation at
day 271.17Figure 2.8 shows thatO at the mouth of the Bay are significantly increased
by 0.51.0 m due to the strong opposite surface outf{big. 2.11a) Thewave heights
along the north coast and around the south headland are also significantly increased by
~1.0 m, but due tahe 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 depthited wave breaking. The spatial distributions of
"O changes in the case of the RS formulatieig.(2.81) are generall 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.
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Figure2.7: 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 comparedseétivations.
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Run_WaveOnly at 04302ep 29 (day 271.19). Triangles indicate instrument locations.

2.4.3 Circulation Model Results

Figures2.9a and2.9b present time series of observed aimdulatedsea levels at sites SB2

and SB3, respectively. The simulated sea levels produced by thedwougplecirculation
modeling systemwith 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 tiieat&cotian Shelf

were impacted significantly by Hurricane Ju&mhéng et al.2006; Wang et al.2007; Xu

et al, 2007;Mulligan et al, 2008).Figures2.9a and2.9b also demonstrate that the model
calculated sea levels at these two sites (SB2 and &B3)ighly similar in three model

runs (Run_VF, Run_RS, Run_CirOnly), indicating that sea levels at these two sites are not
significantly affected by W@l This can be explained by the fact that these two sites are
located outside the surf zone (positiofthese two sites are marked in F&9c and2.9d).
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Figure2.9: 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 Ri@nl@j and (d) between
Run_RS and Run_CirOnly at 0430Z Sep 29 (day 271.19). Triangles indicate instrument
locations.

To examine the wavimduced sea level changes associated mainly with wave breaking
and wavedriven flow, we calculate the differences irodel calculated sea levels at day
271.17 between Run_VF and Run_CirOmligure 2.2 demonstrates that wave breaking
leads to a significant sea level rise (or wave setup)30.5 malong the north coast and
around the south headland in Run_VF. Ther@ds a slight sea level rise (~0.1 m) in the
west end of the Bay due to the wadi@ven inflow. The wavenduced sea level changes in
the case of the RS formulatioRig. 2.9d) have similar features as those in the case of the

VF formulation, except for tatively smaller magnitudes.

Figure 2.1Qpresents 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 studi®¥afg and et al.2007; Sheng et al.2009), the
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circulatiorronly model run (Run_CirOnly) does not reproduce the observed strong coastal
ocean currents around day 271.19. By comparison, the coupleecinaation modding
systemwith the use of the VF formulation (RunFYperforms 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 tR& 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.
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Figure2.10: Time series of eastward (left panels) and northward (right panels) components
of observed and simulated currents at depthéupper) 4, 7, and 11 m for site MB1,;
(middle) 2, 9, and 16 m for site BIO, and (lower) 1, 6, @md for site SB3. Model seilts

in three cases (Run_VF, Run_RS and Run_CirOnly) are compared with observations.
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To quantify theperformance of the coupled model with the use of two different
formulations in simulating currents at three sites, we folldwwmpson and Sher#997)
ard use[ , which isdefined as the variance of model errors normalized by the observed

variance:

e — (2.18)

where @ @ istands for variance, and and U denote respectively the observed and
simulatedvalues of a variabléA smaller value of ~ denotes a better agreement between
the observed and simulated values. Values ofless than unity indicatihat the observed
variance is reduced by the subtraction of the hindcasts from thevatises.Values off

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 ugeas a

threshold to assess the model performance.

Forthe case of Run_VF, the values (Tabl@.1) are about 0.18.89 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 andatd®9m of
site BIO. This indicates that the coupled waweulation modding systemin 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 largiyan thel  values in
Run_VF at three sites, except for theamponents at 2 m and 9 m of site BIO and at 9 m
of site SB3, andxomponents at 2 m of site BIO and at 9 m of site SB3. This indicates
that the VF formulation performs better than the R8nlulation for reconstructing the
currents measurements at site MB1 darents at the upper and middle deydhsite SB3,
and for the bottom currents at site BIO. It should be noted that thevalues in
Run_CirOnly (Table2.1) are largest or theesond largest in three model runs at three
depths of three different sites, which indicates the important role of the MW@tiving
the 3D currents over the coastal embayment. It should also be noted that ¥iadues in
Run_VF are slightly largehain the values in Run_RS foicomponents at 2 m and 9 m at

site BIO and 9 m at site SB and focemponents at 2 m at site BIO and 9 m at site SB3,
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for which exact reasons are unknown.

Figure 2.11c presents the simulatexdirface currentat the timeof maximum currents
at site BIO (day 271.19) in Run_CirOnly. The circulatmmly model produces a strong
jet-like flow (~1 m sb) over a narrow channel known as
adjacent waters in LB, with relatively weak currents over adineas of the Bay. The jet
like flow is associated mainly with large differences in sea levels associated with tides
betwea LB and two coves known as Upper South CV8C) and Lower South Cove
(LSC). These largescale circulation features produced by tireulationonly modelare
consistentwith previous simulations dfVang et al(2007). By comparison, the coupled
wave-circulation modding systemwith the use of VF and RS formulations generates
much stronger surface currents in LB, in addition to tiidike flow in the CC and its
adjacent waters (F8y2.11a and). Intense wave breakin§i@. 2.8) induces strongave
driveninflows (~1 m &) along the north coast, over taebmergedhoal at the mouth of
LB, and around the south headland. Thesewwslthen drive a strong outflow (~0.5 s
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 MBL1 is also an outflow due to the-aiawen inflows,
but less strong than thatsite BIO. Nonetheless, some differences betwieetwo model
runsoccurover 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 (seke color shading ifrig. 2.11b).

Figures 2.12a and tpresent distributions of wavaducedsurface and bottormurrents
(WICs) defined aslifferences in current vectors between the coupled model run using the
VF formulation (Run_VF) and the circulatiamly model run (Run_CirOnly) near the
north shore of LBvhere the By is exposed to large wavéd the sea surface, the wave
induced circulation over this area features strong longshore currents along the north coast
and two intense recirculation cells orethght and left sides of the submerged shival.
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 shoalea, the bottom currents have similar structures as the surface
currents due to a lack of coastal wall.comparison with WICs in Run_VF, the structure

of WICs in Run_RS (Fig 2.12cand g is less coherentith some very unphysical currents
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generateaverareas 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 twavay coupled modelling system, the feedback of these less coherent
currentgo the wave model introduces some unrealistic features to the wave fiel#sde.qg.
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 onknayecolpling
(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 emay coupling (Figs2.12e and) are smoother

than those with twavay 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 $&®)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) 0.3 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 0.45 043
SB3(9 m) 0.89 0.85 0.93 0.71 0.67 0.66
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Figure2.11: 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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VF and Run
the spatial patterns of the pressure gradients mainly due to wave setup in both model

CirOnly in LB at 0430Z Sep 29 (day 271.19). Color images

y and Run
indicate water depth. Triangles indicate instrument locations.
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We next examine the spatial distribution of the depteraged dominate ficing terms

two major terms: a Bernoulhiead term and a breaking acceleration term. Outside the surf

Figure2.12: Differences in surface and bottom currents (a and b) between Run_VF and
gradients (Figs2.13b and d). For the VF formulation, the wave effects are separated into

Run CirOnl
runs are similar. For the RS formulation

for the y momentum equation in Run

and b



zone, the Bernoulhead and pressure gradients caneeheother, while inside the surf
zone, the combination of the Bernotlitad and breaking acceleration tend to cancel the
pressure gradients (Figs13a, ¢, and e). It should be mentioned that theadled VF term

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

shown).
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Figure2.13: Depthaveraged dominate forcing terms for (a}-—, (c) —, (e) 'O; in
Run_VF and (b) ——, (d) — —— in Run_RS_oneway at 0430Z Sep 29 (day

271.19). The black straight line in Fig#é3a2.13e marks a crosshore tansect at which
model results are shown in Figutd4.
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Figure2.14: Vertical distributions of dominate forcing terms for (a}——, (c) —, (e)
"Op in Run_VF and (b) ——, (d) — —— in Run_RS_oneway in the creskore

transect shown in Figuz13 at 0430Z Sep 29 (day 271.19).

We next select a croshore transect over the area outside the wave breakingFagne (
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 (Figs2.14a and b). For the VF formulation, the Bernehbiad is deptuniform
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(Fig. 214c) 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 steépg. 2.14d). This is counterintilive 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 tweway coupled modelling system whamteracting 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 M&Simply inadequate.

2.5 Summary and Discussion

A two-way coupled waweirculation modding systemwas used in this study to assess
pefformances of two formulationfor the nonlinear feedback of ocean surface gravity
waves on thredimensional (3D) coadtaurrents. These two formulations are (a) a vortex
force formulation (VF) suggested Bennis et al.(2011) and (b) a latest version of
radiation stress formulation (RS) suggestedigjior (2015). Model results using the two
formulations were compared tiviobservations in two idealized test cases and one realistic
application. This was the first time that the RS formulation suggestédebgr (2015,

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

coastal wates.

In the two idealized test cases, model results for the VF formulation are consistent with
previous numerical simulations, laboratory experiments over a planar bEaghad
Kirby, 1994) and field experiments over a barred be&hmar et al, 2012). he RS
formulation suggested by M15, howevers Q#ficulties in producing a reasonable vertical
structure for the crosshore currents inside the surf zone. Outside the surf zone, the RS
formulation also produces a recirculation over the vertical, whiah suggested to be
unrealistic. Both problems for the RS formulation are linked to an inappropriate treatment

of a vertcal radiation stress (VRS) term

In the realistic applicatiom Lunenburg Bay (LB) of Nova Scotia durintige passage

of Hurricane Juann 2003 the simulatedsignificant wave heights@) and sea levels
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produced by the coupled waegculation modding systenmusing VF and RS formulations

are similarA comparison of model results with wave observations demonstrated that the
simulatel maximum™O 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 wategpth significantly increase® (~1.0 m)by
decreasing the intensity of degtimited wave breaking. In return, the degimited wave
breaking produces a pronoudcgea level rise (01®.5 m) over these nearshore regions,
which highlights the importance of tweay coupling between waves andreumts. Results
presented in this study also demonstrated that the surface wave force plays a very important
role for the stormnduced intense circulation in LB. It was shown that, by implementing
the VF formulation in the circulation model, the large thpancy between simulated and
observed currents at site MB1 in previous studidang et al.2007 andgheng et al2009)

is significantly reduced. In contrast, the RS formulation produces some weak unphysical
currents wherever there is a bottom slopegctviare significantly magnified in a twoay
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 vertiadistribution of the RS gradients owslogng bottons, which

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

Overall, heresults presented in ththapterdemonstrate that the VF formulations
superior tathe RSformulationin simulatingthe waveinduced 3D currents from the surf
zone to the open shelf watefdhie fundamentgbroblemconcerninghe RS formulatiormn
the community is an explicit description thie complexvertical flux of wave momentum
(i.e., theVRS term) (Ardhuin et al, 200§ 2017;Bennis et al. 2011, which requires
knowledge ohcomplex wave theory instead of the simple linear wave thisimnetheless,
the VRS terms completely neglected in M15 baken the linear wave theory assumptions.
The omission of this ternwas foundto be responsible for the unrealistic vertical
distributionof the RS gradien@ssociated with unphysical curreotser sloging bottons.
Furthermorethe 2D version of the RELS64) containsthe wave force due tavave
breaking. The 3D RS of M1%owever, has difficulties in giving a reasonable vertical
distribution of the wave force due to wave breaking as demonstrated in this stuwdio H
properly account for wave breakimgthe 3D RSremains to be studie®y comparison,
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the VF formulationapplying to the Eulerian velocitycircumvents the difficultywith the
evaluation of th&/ RS term which isonly required forthe RS formulation applying tthe
Lagrangian velocityFurthermorethe VF formulation sepates the 3D wave force into
conservative(vortex force and Bernoulli hepdaind non-conserative (breaking wave
induced acceleration) contributionghe former hasreanalyticalertical distribution. Tie
latter is unknown butit can be approximated with an empirical vertical profif@is
separéon of conservativeand nonconservative forceallows the VF formulation to be

successfullyappliedfrom the surf zone to the open shelf waters
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CHAPTER 3
A COMPARATIVE STUDY OF WAVE -CURRENT
INTERACTIONS OVER THE EASTERN CANADIAN SHELF

UNDER SERVER WEATHER CONDITIONS?

3.1Introduction

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 offshisistructurefHashemi and Neill2014).
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 ofurrents 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 bypceancurrents. fie surface waves and currents can also exchange energy
through the concept of radiation stress (R®NnguetHiggins and Stewart1964;Mellor,

2003 or vortex force (VFYMcWilliams,2004;Ardhuin et al. 2008.

Various studiesverecarried out on the exaination of abovenentioned processes
the wavecurrent interaction (WCI) in the oceafsrdhuin et al. (2012 demonstrated that

the relative wind effect could explain about20% of the modulation in wave heights due

1 Wang, P., and J. Sheng, 2016. A comparative study of-aavent interactions over the eastern
Canadian shelf under severe weather conditions using a coupleeciwaNation model,Journal
Geophygal RegarchOceans121,52525281
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to strong tidal currentddolthuusenand Tolman(1991) found that the currenbhduced

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 nWaeg et al

(1999 showed that the focusing of wavays by the Gulf Stream meander causes changes
in wave direction/energy and directional spreading observed$ifuimeasurementkiu

et al (1994 also showed that mesoscale eddies can be detected from the synthetic aperture
radar images via the infunce of eddy currents on the surface wave fields. In the ocean
upper layer, the CorioliStokes force, Langmuir circulation, breaking and nonbreaking
waveinduced mixing all contribute to the uppscean mixing(Wu et al.,2015. For
exampleZhang et al(201]) suggested the surface wave breaking is an important factor in
determining the surface boundary depth of temperature in the Yellow Sea in siranggr.

et al.(2009 demonstrated that the inclusion of the Cori@iskes force into a global ocean
modd 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)) found that an inclusion of ocean currents in an ocean wave
model significantly reduced the simulated significant wave heigk9 (nder slow
moving TC conditions. By using a simplified edamensional wave action equation, yhe
suggested that the reduction’@ 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 analysisFan et al.(2009a)) also found that the contulion 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 curvesssnot considered. In a realistic
simulation of Hurricane JuaiXu 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 irtgd in the study b}(u et al.(2007). In addition
to strong ocean currents and large surface waves, another important feature under a TC is
the remarkable rigHbiased SST cooling relative to the storm track, which is responsible
to the decrease of TC imisity. Themain physicaprocesseaffectingtheright-biased SST
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coolingincludestorminducedvertical mixing upwelling(Price, 1981, and the resonance
Reynolds stresses of the naagrtial internal wavesHuang and Oe)2015) It was also
found thatthe maximum™O appear on the right side of the TC due to both the asymmetry
of the hurricane winds and the hurricane transla@imen et al.2010. Thus, it is a very
important scientific question to be addressed how the-bigised large wave fiés could

affect the rightbiased SST cooling.

The main objective of thishapteiis to examine the roles of different WCI mechanisms
on the response of circulation and surface wave fields to three severe weather events using
a twoway coupled waweirculaion modeling system The study region of this paper is
the eastern Canadian shelf (ECS), which is socially and economically important since it
supports commerci al and recreational yshe
production, marine recreation and tourism, aqitace, 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 etregical cyclones
and winter storms. Hurricane Jyaas 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 Categ@rytrength on thé&affi-Simpson hurricane scalen
SeptembeR7 and made landfall aime south coast of Nova Scotia near Haligaxly on
SeptembeR9, with maximum sustained winds of about ¥&8 h. This storm generated
about 2m storm surge in Halifax Harbor, and huge surface waves with the maxi@um
of about 10 m and tadkt wave height of about 20 m observed at a marine buoy outside of
the Harbor(Fogarty,2003. The ot her exampl e imuricar®hi t e J
strengtinortheasteblizzardand affected most dftlantic Canadan February 2004. White
Juan had a siwfall at a rate of 5 cm hotifor 12 hours, and winds blew at up to 124 km
h'. White Juan produced hurricasrength winds at sea with 10 to f@ter swells,
prompting a special marine warning. Although the storduced ocean currents and ocean
wavesover the ECS during Hurricane Juan were studied previousbhbgg et a2006
andXu et al.(2007, the WCk over the ECS during extreme weather conditions such as

Hurricane Juan and White Juan remain to be studied.

The structure of ts chapteris organized as below: the coupled wasieculation
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modeling systemis described in sectioB.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 section33Thesummary and discussi@ne provided in sectiod4.
3.2The Coupled Wave-Circulation Modeling System

The coupled mod€Fig. 1.3)uses tweway coupling between a 3D ocean circulation model

for the ECS known as DalCoast and a tlgesheration wave nuel known as
WAVEWATCH Il (WW3). The wave effects on the 3D circulation is specified in the
circulation model using the VF formalisMcWilliams,2004; Ardhuin et al.,2008 and

the breaking wawinduced mixing(Craig and Banner1994. In the wave modelthe

effects of currents on waves are implemented through the wave action equation. These
effects include the relative wind effect, curremiucedconvergencewavenumber shift

and refraction. An automatic coupler is used to exchange information betiveen t

circulation and wave models at@ected coupling time interval.
3.2.1 Ocean Circulation Model

DalCoast was constructed from the Princeton Ocean M&d@M; Mellor, 2004). The
latteris a 3D, sigma coordinate, primithegjuation ocean circulation modBlalCoast uses

the spectral nudging technig(@ihompson et al2007 and the semprognostic method
(Sheng et al.2001) to reduce the seasonal bias in the model circulation and hydrography.
DalCoast has been validated extensively in the past usingzabeas of hydrography, sea
level, and currentéThompson et al2007;0Ohashi and Shen@013, 20150hashi et al.,
2009a, 2009p

Four major modifications were made recently to DalCoast for this study. Firstly, the 2
min Gridded Global Relief Data (ET@R) 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 (3&aconds) than ETOPO2.

The GEBCO dataset also represents dlocallbathymetry 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 gstidal prediction system developed at the Oregon State
University (OSU). Thirdly, the VF formalism was incorporated into the governing
equations for circulation, which includes the waweraged vortex and Bernotiiead
forces, sink of the wave momentulue 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 wawnduced mixing was implemented in the turbulent module for the
circulation model.A readeris referred to Chapter 2 for more information on the
implementation ofthe VF formalism and the breaking waweluced mixingin the

circulation model.
3.2.20cean Wave Model

WWS3 is an operational wave model developed at the NOAA/National Centers for
Environmental Prediction, which has been widely applied in the glanal regionakcale
areas of the world oceah.should be mentioned thabth SWAN and WW3 are the third
generation ocean wave models and solve the wave action balance equetidifferene

in the wave action balance equation between the two models isdlveave action density
spectrum0  'OF, is defined as a function of ®, in SWAN (Eq. (2.16) and a
function of "— in WW3. In a Cartesian grid, the wave actizadancesquationin WW3

can be written as

— oW - ——5 — (3.1)
& 6 A (32)
Ko J— (33)
o (34)

where 6 is the group velocity of waves) is the surface ocean current vectbrjs a
coordinate in the directior+~and & is a coordinate perperalilar to i . It is noted that
Eq. 3.2 is the vector form g6 06, @ 0) in Eq. (2.16). The lefthand 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 teramd spectral (third and fourth terms) spddee right
hand side (RHS) of (8) contains the net source tefiv , which includes all physical

processes that generate, dissipate and redistribute the wave energy:
Y Y Y Y Y Y oY (3.5)

The RHS of 85) consists of both deep water processes (i.e., wind ifgut
guadruplets nonlinear interactiony , and white capping’Y ) and shallow water
processes (i.e. om friction Y , depthinduced breakingY , and triad wavavave

interactions™Y ).

Equations (3.43.5) indicate that ocean circulation affects the wave action density
spectrum in four ways. Firstithe horizontal variation of oceaturrents causes the
convergence of wave action flux in the splaspace 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 variatidhirdly, in the source term, the
surface wind velocity vectoss  used to calculate the wave growth due to winds is
replaced by | 57, which is the vector difference between the surface wind velocity
and surface ocean current. Hereis 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)( p) 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 whenedtie wi
do not adjust to the presence of currdAtsihuin et al.,2012. In this study we set
0 . ased on conversions between the geostrophic winds at the top of the atmospheric
surface layer and 10 m height winds (#g®endixB). Lastly, the sea surfaadevation
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.
3.2.3Coupling Procedure

The dynamic coupling software known as OpenPA[MY. 1.4) is used to exchange
information betweerDalCoastand WW3. At a userspecific 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 waveagiquation In return, fields of
wave heights, Stokes drift velocity, Bernotlitad, and wave dissipation source term
calculated in the wave model are transferred to DalCoast to calculate thawveasged
effects on the 3D circulation.

3.2.3Model External Forcing, Setup and Operation
3.3.3aModel External Forcing

The external forcing to drive the coupled wareulation modding systemof the ECS
includes 6 hourly surface winds and atmospheric pressures at the sea level (SLP) extracted
from the Climae Forecast System Reanaly€$-SR,Saha et al.2010. The CFSR winds

and SLP have horizontal resolutions of°@Bd 0.5 respectively, which are reasonable for
largescale atmospheric forcing but not fine enough to represent atmospheric forcing
associged 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 idealize
asymmetric vortex suggested Hy et al.(2012, which was modified from the parametric
hurricane modgHolland, 1980, is inserted into the larggcale CFSR wind and SLP fields

based on

(3.6

@ —— 5 nQ- - = (3.7)

wherenni and w i are respectively the pressure and the gradient wind at radius

N isthe central pressure) isthe ambient pressuré( is the radius of maximum wind,
" is the air density,;Qis the Coriolis parameter, andl is the hurricane shape parameter.
The Coriolis effect, translation speed of the storm, and allable 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 madel $tep. The detailed
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procedures can be foundtiu et al.(2012. The modified CFSR wind& ) are obtained
by blendingthewind field produced by the parametric hurricane wifas ) with the

CFSR windfield (w ) usingexponential distance weights
w0 i Q7T o p Q7T o (3.9
wherei is the search radius around the center of the storm. We setb M I.

From the modified (or original) wind fields, wind stress at each model grid is calculated

using a quadratic formula gives a
T "09 9 (3.9)

where” is the air densityfj is the 10 m wind velocity vector in units of m,sand
the drag coefficientd at the airsea surface is given by the bulk formolfaLarge and
Pond(1981) andPowell et al.(2003:

P&, ) 918 pp
0 pm ™ W M@ S pp §l § cuv (310
GPpu §l $ qu

The bottom stress is parameterized in terms of bottom currents based on

t 6 SFin (3.13

6 006 - hm@tmgu (3.12

where 1 is the near bottom current vectdr, is the bottom drag coefficient, 8t t
is the von Karman constan, is the sigma level just above the bottom, andis a

roughness parameter which is set to be 0.01 tmisrstudy.

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 netdmeafreshwater

fluxes at the sea surface and the freshwater runoff from major rivers in the region.
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3.2.3bCirculation Model Setup

The model domain of DalCoast covers the Gulf of St. Lawrence, the Scotian St&8|f (
and the Gulf of Maine and adjacenegevaters{1.5W-56W, 38.5N -52N, 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 b®6-n) cannot

be resolved with this horindal resolution. Incorporating the impact of Langmuir cells on
the ocean mixing requires an additional parameteriz@ianet al. 2015, which is a topic

of future studies. There are 40 sigma levels in the vertical which are concentrated near the
surfaceand bottom, and are equally distributed in the interior. At the model open
boundaries, the model is driven by (a) stantuced hourly sea level and depth averaged
currents simulated by a barotropic model covering the northwest Atlantic Ocean- (72W
42%W, 38N -60N) with a resolution of (1/12)7 (b) tidal forcing specified in terms of
hourly sea levels and depth averaged currents predicted by(®1itfal constituentdvi,,

S, N2, Ko, Ky, O, P, and Q); and (c) daily values of the 3D temperature, saliaitd
largescale densitylriven currents provided by an oceae numerical model of the
northwest AtlantiqUrrego-Blanco and Shen@012. DalCoast uses the mode splitting

technique with an external mode time step of 9 s and an internal mode time126ps0
3.23c OceanWave Setup

WWS3 uses the same horizontal model grid (with a horizontal resolution of) Hha
bathymetryasDalCoast. To account for the effect of swells generated outside of the study
area, a coarseesolution wave model based almo WW3 is applied to a larger domain
(84W -10W, 10N -65N) 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 3@actional bins with 10°of resolution and 29
frequencies’Q ranging from 0.04 to 0.6 Hz with a logarithmic incrementQf PP Q

The discrete interaction approximation (DIA) is used to calculate the nonlineatwearee
interactions. The source package knowB8a&6(Tolman et al.2014) is appliel to compute

the wave input and dissipation source terrAslinear JONSWAPBottom friction

parameterization and depitrduced wave breaking are alssed in the model
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3.2.3dDesign ofNumerical Experiments

Numerical simulations of surface gravity waves and 3D ocean currents and hydrography
during three severe weather events are considar#dsi study. For each weather event,
three basic numerical experiments are designed to examine the effects of therWCl
ocean currents and surface gravity waves over the ECS and adjacent deep waters, which
include the coupled wawarculation model ruffRun_WaveCir), the wavenly model run
(Run_WaveOnlywithout the feedback from curren@nd the circulatiolonly model run
(Run_CirOnly)without the feedback from waveBurthermore, six additional process
oriented experiments are designed to quantifpm&CIl 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) curmediticedconvergence(c)
currentinduced wavenumber shift, dcurrentinduced wave refraction, (e) 3D wave
forces on currents, and (f) breaking wamduced mixing on the circulation. Model

configurations for 9 numerical experiments are summarized in Badble

Table3.1: Model configurations fonine numericaéxperiments

Relative Current Qurrent- Qurrent- 3D wave forces Breaking
wind effect induced induced induced T¥rviF v related wave-
- in convergence k shift refraction  termsin Eg2.2-2.3; induced
. . L= L= L L ..
Experiment T T T inEQ3.2 &q-:in &3_; in :_'hﬂl.r‘ in Eq.2.2; mixing
Eq.33  Eq34 % _ Eq.2.15
q. s g.3. — M= inEq23
Run_Wav€ir On On On On On On
Run_Wav®nly Waveonly model run
Run_Cionly Circulatioronly model run
Run_Wavel On Off Off Off On On
Run_Waveg Off On Off off On On
Run_Wavek Off Off On Off On On
wdzy g2 I @ 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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Figure3.1: Major topographic features of the model domain over the eastern Canadian
shelf, buoy stationgnd tracks of three storms consideirethis 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:¢

Juan swept theentralScSas a categor? storm and made landfall on the south coast of
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Nova Scotia near Halifax early on Septem®@r2003. Hurricane Bill came to tlseSas

a categoryl storm in late August 2009. The tracks of these two hurricanes, dasbd

best track data set taken from the Atlantic HURricane DATabase (HURDAT)
(http://Iwww.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) Di fferent from Hurricanes Juar
hurricanestrengtmortheasteblizzardthat occurred in February 2004. Since the HURDAT
database does not provide information on the storm track for any winter stornarthe st
track of AWhite Juanodo was approximated by ¢
fields over the region covered by the storm. The reason for using minimum winds instead

of minimum pressure is because the CFSR wind fietdahaigher resolution (8°) than

the SLPfield (0.9.Figure3.2 hows t hat A Wh iSdSie thepathwayverg we p t
similar to Hurricane Bill, except that @A Wh
and stayed longerontls&St han Hurri cane BidJuanduwdd ea moy
winter storm, and had a diameter of1 3imes larger with weaker winds than normal

hurricanes over the study region.

In-situ wind and wave observations at seeperational buoys and a wave rider buoy
on theScSand in the Gulf of MaineKig. 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 (NERACOCE)oys 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 tegary2 hurricane that translated northward

and passed through the cent&dSin late September 200Fif. 3.7). In-situ wind
observations during Hurricane Juan are available at three operational buoy stations (44137,
44258 and 44142). The anemometeights 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 byoutin et al.(2009. Figure 32 presents a comparison of the original and
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modified CFSR winds with obsexd 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 righéind side (RHS) and buoy 44142 on the LHS of the storm track,
with buoy 44142 to be the closds the center of the storm and buoy 44137 to be the
farthest. The original CFSR winds agree reasonably well with thigLinvind observations

at low wind speeds, but less well with the observations at high wind speeds during
Hurricane JuanHig. 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 thesita wind observations at three buoy
stations at high wind speedsring 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 stormltcenter
should be noted thathe parametric hurricane model stilas some deficiencies in
reproducing th@bservedeakwinds at buoy 44147Figs. 3.2e and f) located very close

to the storm centeiThis could be attributetb thecoase time interval (ourly) of the

storm centerposition taken from HURDATThe exact positions of the storm center
between these-Bourly intervals are unknown and they can only be approximatedawith
simple linear interpolation which can lead toinevitable errors Figure 3.3presents a
comparison beteen 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 3.4presents time series of observed and simuld@ednd pak wave periods
at four buoys during Hurricane Juan. The coupled model in Run_WaveCir reproduces
reasonably well the observé® at these four buoys, particularly at buoys 44258, 44142
and DWR. The maximumiO (O ) at these buoys praded 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 withsitu wave observation3he simulated peak wave
periods are about 85 s at these four buoys, with relatively longer peak periods during the
peak winds of Hurricane Juan, which are also in general agreement with-ghe in

observations. The longer peak period during the peattsiidicates the maximum waves
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during Juan are swetlominated. After the peak winds, the simulaté® at buoys close
to the hurricane track (e.g. 44142, 44258 and D\&Ribit anoscillationpatternwith a

period of ~18 hourswhich is consistent wit observationsFurther examination of the
instantaneous current field (Fig. 3.8c) indicates thedet oscillatios are caused by the

strong neafinertial currents in the wake of the hurricane

In comparison with results in Run_WaveCir discussed aboveleimsults in
Run_WaveOnly overestimate th@ by about 0.8 m and 2.2 m respectively at buoys
44137 and 44258-(g. 3.4. The model results in Run_WaveOnly also overestimate the
'O and slightly overestimate the peak wave periods after the maximum winds of the
Hurricane. This indicatethe importance of the W€IOverestimations of théO at
buoy 44137 and 44258 during Hurricane Juan by the \walyemodel were also found by
Xu et al.(2007), who managed to reduce the model errors by setting an upper bound for
the drag codicient 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 wawdy model, the selected paramezation
of the drag coefficien(Hwang, 2001 already accounts for saturation, and the drag
coefficient reaches a maximum with wind speeds of 30'ranel decreases with higher
winds. It should be noted that the circulatiorodel(seeEq. (3.9)) andhewave model use

differentdrag coefficienparameterizations.

We next examine the effect of W&lh the wave spectra in the frequency domain during
Hurricane JuanKig. 3.5. In comparison with model results in Run_WaveOnly, the
simulated wave spectra at thimeoys 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 sta track(44142) the simulated wave spectra in these two
numerical experiments (Run_Wave@nd Run_WaveOnly) asamilar, indicating that the
ovenmll influences of ocean currents on the wave sjpa peaks arereak on the LHS of the
storm.In addition, béh model runs underestimate the observed spectral peak at buoy 44142,
which could bedue in part tdhe less accurate parametric winds at this location (Figs. 3.23

and f).Furthermore,he underestimatioaf the spectral peak Run WaveCir could also
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be duein partto theimperfect parameterization for the enhaneeve dissipationwhen

facingopposing currentArdhuin et al, 2012)

Figure 3.@& presents the swath map for Hurricane Juan calculated from similated
(every 15 minutes) in the coupledodel run (Run_WaveCir). A swath map depicts the
horizontal distribution of O at each location during a storm period. The simulated
swath in Run_WaveCir is biased to the right side of the storm track, @ith of about
12-15 m appeang over areas within 2000 km to the right of the storm track (as facing
the direction taken by the stormihis rightward swath bias is due the stronger winds
andtrapped wave resonand@dwyer and MacAfee€2005).The trapped wave resonance
can be eplained by comparing the wave group velocity with the hurricane translation
speedThe calculated group velocity of the dominant swell waweder Hurricane Juas
9-10 m/s, which is very similar to Judsitranslation speed {95 m/s) over the study regio
Thus surfacewaveson the right side of the storm track experience adotrgppedetch,
resulting inlarger 'O . In the waveonly model run (Run_WaveOnly) shownkig. 3.,
the swath is also biased to the right side of the storm tratkyith much larger magnitudes.
Figure 3.8 presents the normalized differences@ (YO ) which is defined as
differences in the swath between Run_WaveCir and Run_WavéRumy WaveCir minus
Run_WaveOnlynormalized by the swatim Run_WaveOnly. A significant reduction of
O (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 incred®e of by about
4-7%. This is aresult of combination of the four major WCI mechanisms of currents on

waves to be discussed as follows.

Distributions of YO  between Run_Wavel and Run_WaveOnly(Fig. 3.7)
indicate that the relative wind effect reduc€ by up b 7% on both sides of the storm
track. This is due to the fact that hurricane winds and stmnerated strong surface
currents are approximately in the same direction on the both sides of thé-tga&k&,c),
which efficiently reduces the energy tréersed from surface winds to ocean waves
Distributions of YO between Run_WaveCand Run_WaveOnly (Fig. 3.D)
demonstratéhat the curreninducedconvergencsignificantly increass "O by 11-18%

on the LHS of the storm track adeécreasesO by 57% on the RHSThe effects of
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this processdependmostly on the spatial gradients of currents (see Egs. (3.1) and,(3.2))
which can lead to wave energy convergence and divergencespatalspaceFig. 3.8c
shows that thetrongdivergence (convergence) of surface currents on th® @HS) of

the hurricane centés responsible for the decrease (increaselof .

The curreninduced wavenumber shifiepends on the spatial gradients of currents in
the propagation directions of surface wafaeeEq. (3.3)). The effect of this process is to
decrease (increase) for the case of waves propagating int@llgpaccelerating
(deaccelerating) currentBigure 3.7c shows the effects of this process are limited to the
ScSregion with an increase 6O (5-7%) along the storm tracKhe currentinduced
wave refractiordepends on the gradients afrrens along the waverest direction(see
Eq. (34)). The basic effect of this processsto turn surface waves towards the area with
lower absolute propagation speed@sgure 37d shows thatthis process significantly
reduces O (up to 10%) alag the RHS at ~25 km off the hurricane tradkis
reductionof O coincides with the maximumorthwardcurrent on the RHS of the
hurricane track: the vorticity is cyclonic (anticyclonic) on the left (right) side of this
maximum speed lineAs surfacewavesalso propagatenorthward these tend to refract

wave energy away from the line of maximum current speedexhatesO

It is noted that the energyeighted mean wave directions are approximately northward
on both sides of the sto 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 matly determined by locally generated wiseéa (i.e., cyclonic relative to the storm
center) as shown Xu et al.(Fig. 6, 2007).

Hurricane Juan also generated significant temperature changes in the upper ocean in
the vicinity of the storm trackFigure 39a presents differences in the SST between
September 27 and October 1, 2003 computed from the sadigtived SST generated
every 48 hours for North America. The satellite data were extracted from the dataset known

as the SST14NAh{tp://www.class.ncdc.noaa.gov/saa/products/welgotdere we only

show the satellite SST data in regions cov
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("reliability” values are in the range of 0~1509%T14NA), since reliable SST data are
not available over the cloud cover regiomsgure 39a 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 shelékref theScSto the Gulf of St. Lawrence. The
simulated SST changes during the same period in Run_Wavegir39b) feature a
similar highly rightbiased SST cooling pattern relative to the hurricane track with a
maximum SST change e4.2°C, which is,in general, consistent with the sateliterived

SST changed he discrepancy between observations and model seselt areasouth of

~41°N could be attributed to baroclinic processes associated with the movement of Gulf
Stream Meanders that are nahslated correctly due to inadequate model resolutions and
imperfect model physicgn comparison with Run_WaveCir, the modeled SST change in
Run_CirOnly is smaller with a maximum SST change of only ab8uWPC. This
demonstrates the important role of VB@ enhancing the vertical mixing in the ocean

upper layer.

A crossshore transect over ti8eS(Fig. 39c) is selected to show the vertical structure
of temperature. As shown 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 kg. 3.1®. Figure 310c 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 ufGoHie effect of breaking
waveinduced 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
waveinduced mixing, another important WCI process on the circulation is the n&intyrea
waveinduced vertical mixingQiao, 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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Figure3.2: 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
Juan occurred on late September 28 and early September 29.
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Figure 3.3: Distributions of instantaneous wind vectors for the (a) CFSR winds and (b)

Modified windsduring Hurricane Juaat 22:®@ September 28, 2003.



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 si@ (RHS) and left hand side (LHS) of the storm track.

Figure3.5: Comparison of simulated and observed wave spectral in one dimension during
Hurricane Juan.
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