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ABSTRACT

A significant gapremainsin our understanding regarding the tempe@édtial variability

of hydrodynamiceverthe eastern Canadian shelf (ECS) arttie adjacentorthernNorth
Atlantic Ocean(nNA). This thesis is a combination of studiestloa d/namics of the large
scale circtlation in thenNA and the processes affecting the circulation andcsgsaverthe

ECS Based omutput from a higfresolution model configuration for the yea8602009,

the man physical processes driving the barotropic transport imM® were examind
using a decomposition method based on the verticallgraged momentum equatson
This decomposition methdaas theadvantageof revealingthe major oceanigrocesses
driving transportn the Gulf Stream anaround thé.abrador Seand fordiagnosing qusi-
steady mesacale featureOur results show thahé potential energy terrdominate the
variability in most of thenNA in the model while the mean flow advection and eddy
momentum fluxermsare important in the western boundary currents. A coupéeolcean
circulation modeis applied to the ECS and the adjacent northwest Atlantic to examine the
impact of tides otthe baroclinic circulation and tempotgpatial variability ohydrography

and seaice over theECS The resultsshow that thecirculation and hydrographyare
affected significantly byidesin the Gulf of Maine, Bay of Fundy, Georges Bank (GeB),
and the St. Lawrence River Estuary. Significant hydrographic anomalies are generated by
tidal mixing and frontal circulations at tidal fronts, and then spread by residual circulations
into broader areas. Strong internal §deegenerated at the shelf edge southeast of GeB.
The analysis of simulatedeaice volume in the Gulf of St. Lawreaddemonstrates
dominant balance between thgen waterce formation and the basal melt at the-a@ean
interface. The former isignificantlyaffected by the winter air temperature, while the latter

is controlled by the stratification and circulation.
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CHAPTER 1

INTRODUCTION

The ocearis an essentialtomponenin the global climatsystem(e.g.Rhein et al. 2013)
In particular, theocean circulabn plays an important role for understanding the
distributionand transporf heat, saltcarbonand many other biogeochemisglecieghat
are importantor global climateand climate chang&he great progress in remote sensing
and Argo technology irecent decades enables us to reconstruct ocean conditions in space
and time with significantly improved coverage compared to earlier {{[Rasinson 2004;
Roemmich et al. 2019)n comparison with other ocean basiing North Atlantic is the
most intensively observed basin but only a few circulation compqgrerdften at a few
limited locations,have beerwell measured. Manwhile,oceancirculation modelshave
beenused in companion with observations to provide a complete spatial coverage, while a
satisfactory representation in the modelnodiny oceanic featuregs still missing (see
reviews inSchmitz and McCartney 199Reid 1994 andFox-Kemper et al. 2009 Better
understanding of the main physical processing affecting the ocean circulation and the
associatedariability would be beneficial tthe development of ocean moslak well as
theplanning of observational progranturther studies are required to examine the role of

physical processes driving the ocean circulation in the North Atlantic.

1.1 The Largescale Circulation in thenorthern North Atlantic Ocean

ThenorthernNorth AtlanticOcean (nNA)o be considereth this thesis is the Atlantic
Ocean north of 30N, excluding waters to the east and north of Iceldmel largescale

circulationover this rgion consists of two major gyre circulatio(fSigure 1.).
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Figure 1.1. Schematic of general circulatideaturesover thenorthernNorth Atlantic.
Contours aré¢he smoothed isobathfer 200, 1000, and 4000akepth The domain of the
regional model is shown in the black box. Abbreviations are given for the Labrador Shelf
(LS), NewfoundlandShelf (NFS), Grand Banks (GB), Gulf of St. Lawrence (GSL),
Laurentian Channel (LCh), Scotian Shelf (ScS), Gulf of Maine (GoM), Bay of Fundy
(BoF), Georges Bank (GeB), Mid Atlantic Ridge (MAR), East Greenland Current (EGC),
West Greenland Current (WGC), fla Island Current (BIC), Labrador Current (LC),
Shelf Break Jet (SBJ), Deep Western Boundary Current (DWBC), North Atlantic Current
(NAC), IcelandScotland Overflow Water (ISOW), and Denmark Strait Overflow Water
(DSOW).

The sulropical gyre, over the suthern part of this regions dominated by the Gulf
Stream, which is the continuation of the poleward Florida Current. The Gulf Stream turns
eastward at Cape Hatteras ardchesa maximum transport of about 150 Sv neaiVé0
(Hogg 1992) Overthe SoutheasteriNewfoundland Rise, the Gulf Stream separates into
threebranchegRossby 1996)a broad return flow feeding a recirculation back toward

2



Cape Hattera@Hogg 1992) a branch drifting eastward as part of the Azores Cu(k&ise

and Siedler 1982)and a branch turning northwatdown as the North Atlantic Current
(NAC) (Krauss 1986)To the east of the GB, the NAC flows northeastizen the offshore

side of the LC and turns sharply eastward at abdiN 52 an are&nown as the Northwest
Corner(Lazier 1994) Theeastward flowindNAC crosses the Mid Atlantic Ridge in three
main brarches associated with tte@pographic fracture zon€8ower and von Appen 2008;
Roessler et al. 2015Jhe NAC watersithercontinuenortheastvard into the Norwegian
Sea or merge into the subpolar gyre circulation, to the east of Greenland, as the Irminger
Current (Rossby 1996; Reid 1994; Read 2Q0Q\er the south tip of Greenland, a
significant portion of the Irminger Current is retroflecteddoirculate in the Irminger Sea,
while the rest flows on the upper slope along with the West Greenland G@uenytet al.
2002; Holliday et al. 2007; Fratantoni and Pickart 2007; Myers et al. 2009; Vae et al.
2011) The variability of the NACplays asignificantrole in climate shifts at higher
latitudes(Krauss 1986; Czajand Frankignoul 2002)ndin changes in deep convection

(e.g. Renssen et al. 2002)

The subpdr gyre features a sharp thermohaline fiairihe shelf brealextending from
the Greenland cogsaround the Labrador Sea, along the Newfoundland Shelf, Scotian
Shelf, and Georges Bardndto the Mid Atlantic Bight The currents associated with these
thermohaline fronts, sustained Byctic-origin waters and coastal runoftsave various
regional names, including the East Greenland Current, West Greenland Current, Labrador
Current, and the Shelf Break Jet. Despite the distance of more than 5000 kg giigle
largescale current based on its isotopic and hydrographic charactef@tiapman and
Beardsley 1989; Fratantoni and Pickart 20@fart from this current at the shelf break in
the upper ocean, the deep circulation residing at 500 m to over 4000 m depth includes the
lowerlimb of the Atlantic Meridional Overturning Circulation. The Atlantic Deep Western
Boundary Current (DWBC) forsmon the eastern continental slope of Greenland, by
combining Denmark Strait Overflow Water and the Icei&edtland Overflow Water
traveling acoss the Mid Atlantic Ridge, as well as waters produced by deep convection in
the Labrador and Irminger Se@dcCartney 1992; Spall and Pickart 2001; Pickart et al.
2003) The DWBC flows equatorward around the Labrador Sea, along the continental slope
of the ECS, and under the Gulr&m near Cape Hatter@ckart and Smethie 1993)

3



The dynamics of théarotropic (verticallyaveraged) circulation of the North Atlantic
have been examined ithe past irterms of the vorticity equatiofe.g. Myers et al., 1996)
The dynamics of the western boundary cusdatg., the Gulf StreafNAC), however,
remain asignificant challenge to be reprodudadnumerical ocean circulationodels(e.g.
Chassignet and Marshall 2008; Drews et al. 28t&nnan et al. 20)6The importance of
the wind stress cunh the dynamics of windiriven gyresvasrevealedn the early studies
of Stommel(1948) and Munk(1950) based on models with flat-bottoned oceanand
uniform density extending the work of Sverdrf947) Later,the important role of the
JointEffect of Baroclinicity And Relief (JEBAR was recognised byarkisyan and lvanov
(1971). By including JEBARIn a model with variabl®&ottom topographythe simulated
maximum transport of th@ulf Stream increasdrom 14 Sv to 81 Sv, which is a significant
improvement inreconstructinghe observed transpoof the Gulf Stream using a ocean
circulation model (Holland and Hirschman 1972)Meanwhile, Holland (1973)
demonstratedthat the bottom pressure torque (BPT), arising by including bottom
topography and baroclinic effects in a wiadd thermohalinelriven ocean model, can
significantly enhance the transport of the western boundary cueresitlirg it to exceed
the transport thas predicted by the flabottom Sverdrup relation. Both the JEBAR and
BPT are derived from thgressure gradietérm in the momentum equati®, depending
on whether the momentum equations aeeically-averaged the former) or vertically
integrated the latter). Greatbatch et a(1991)compared the JEBAR and BPT, using the
diagnostic model of Mellor et a(1982) combined with an estimate for the observed
density field. Theeauthors also suggested a streamfunction decomposition based on the
linear momentum/vorticity balancé.ater, Greatbatch et al(2010) demonstratedhe
significant contribution of the eddy momentum flaxising fromthe nonlinear advection
term in the momentum equatidor determininghe Gulf Stream transport. However, that
contributionwascomputedusingadiagnostic barotropic model driven by sateltiterived
eddy momentum forcing with a presumed vertical profile, aodldcnot easily be
compare to the contribution by the other terms in the momentum equation in the same
context. Several previous studiewere conducted foexploring the impact of the
topography, wind, and baroclinic effeata the largescale circulation(e.g., Mertz and
Wright 1992; Hallberg and Rhines 1996; Myers et al. 1996; Bell 1999; Yeager, 2015)



especially the weste boundary currentRRelatively littlework, however, has been done
for determinng the role of he nonlinear advectionof momentum and vorticityin
comparison to the wind and baroclinic effeeésesearch topic explored in Chapters 2 and
3 of this thais.

1.2 From theDeepOcean to the SheliVaters

The shelfbreak where thebottom slog, connecting the coastal and shelf waters to the
deep ocearsuddenly increaseappliesa strongdynamical ¢eostrophiyconstraint orthe
low-frequency circulatioife.g. Smith and Sandstrom 1988; Allen et al. 2@tk 2016)

The hydrodynamics over the shelf break and adjacent waters are also associdteghwith
frequencynonlinear proceses Theability of models tasimulat correctly theshelfocean
exchangecross the shelf bre@kcriticalfor many studies, such &g nfluenceof climate
changeand largescale climate variability on the shelf from the neighbouring North
Atlantic (e.g.Condron and Winsor 2011; Saba et al. 201 )particular, he ECS and its
adjacent northwest Atlantic Ocean lie in the conflueceof the North Atlantic subpolar
gyre and the North Atlantic subtropical gyre. The interaction between the two gyres
introduces substantial variability of circulation and hydrography over the ECS and the
adjacentNorth Atlantic watergPetrie and Drinkwater 1993; Lazier 1994)

The ECSconsideredn this thesis consists of five suegions: the Labrador Shelf (LS),
Newfoundland Shelf (NFS), Gulf of St. Lawrence (GSL), Scotian Shelf (ScS), and Gulf of
Maine (GoM)(Figure 1.1) Thegenerakirculationon the ECSs affected significantly by
the equatorward LCThe LC hasan inshore branch near the coastla major offshore
branch on the shelf breaker the Labrador and Newfoundland Shelves, and also on the
continental slope further offshofeazier and Wright 1993)Overthe inner sheles and
gulfs of he ECS the cold and fresh subarctic origin waters, associated with the inshore
branch of the LC, r@ gradually transformed by interactionader the action of thiecal
dynamics, including wind, buoyancy fluxes, tides,-®ea and the highly irregular
topography(Loder et al. 1998)A small portion of the inshore branch of the LC enters the
GSL via the Strait of Belle Isle (SB(fetrie et al. 1988and theemairderflows around
the east and south coasts of Newfoundland to the Laurentian Channel(FeCie) and



Anderson 1983; UrregBlanco and Sheng 2014ahese two branches of thieshore LC
merge withthe Gulf-wide cyclonic circulationn the G&.. The GSL circulation features a
two-way flow in the LCh, with landward (seaward) fl@hong theeast (vest) side of the
Channel(Koutitonsky and Bugden 1991This seaward flow bifurcates/erthe eastern
edge of the &. One branch is confined over the inner shelf of th® ® flow
southwestward as the Nova Scotian Cugremiich then enters the GoM. The other branch
flows southeastward over the western side of the LCh and then merges with the offshore
branch of the equatorward LChere it is called th&helf Break Jet. The Shelf Break Jet
enters the GoM via the NortheaShannel. The circulation in the GoM follovike
topography in a cyclonic pattern around the inner Basinviibtanticyclonicflow around
Georges BankLynch et al. 1996) A cyclonic circulation iSoundin the Bay of Fundy
(Aretxabaleta et al. 2008)

On theECS the relative cold and fresh LC flows equatorward alihregshelf break of
the Labrador Shelf without significanffshore transportLoder et al. 1998; Myers 2005)
until significant interactiortakes placevith the NACto the east of the Grand Banks. The
remaining LC, downstream of the Grand Banglys a big role inthe interannual
variability of the adjacent shelf waters, including G8L, theScS and theGoM (Petrie
and Drinkwater 1993; Pershing et al. 2002; Urr&dmnco and Sheng 2012; Brickman
al. 2018) Various processes akaown tobeinvolved in the shelfocean exchange on the
ECS, such allow associated witlthe deep channels, frontal eddies, and rings shed from
the Gulf Strean{Smith and Sandstrom 1988; Joyce et al. 1992; Allen et al. 2defte,
to model shelocean exchange, good models are required of which the model presented in

Chapter 4asa start

1.3 Important Processes on thélydrodynamics over the ECS

The circulation and hydrograploynthe ECS are affected significantly by the topography,
winds, tides, buoyancy forcing, amdcasionally tropical and wintestorms(Smith and
Schwing 1991; Loder et al. 199& wide range ofemporal and spatial scales of physical

processes result in large variability in the water mass structure and circulation, making the



ECS one of the most variable ased the North Atlantic and Pacifi©ceangThompson

et al. 1988; Loder et al. 1998)hree important processes are examined in this thesis.

1.3.1 Tides

Two thirds ofthe tidal energyis dissipated on atinental shelveglobally (~2 TW)
with about 60 GW over the GSL, ScS, and GBWF (Egbert and Ray 2000, 2003Jhe
highest tide®n the ECS reach a range of about 16 m in the upper BoF due to the resonant
effect (Garrett, 1972and are regarded as the highest tides in the woHd barotropic
tidal circulation has been widely studied over the ECS (&rgenberg 1983; Petrie et al.
1987; Pingree and Griffiths 1980; Dupont et al. 20@nsiderable interactions between
tides and topography and baroclinic effects are suggestallé@laceover the GSLthe
shallow baks of the ScS, GoNBoF, and Georges Barfkoder 1980; Loder and Wright
1985; Tee et al. 1993; Han et al. 1999; Lu et al. 2001a; Hannah et al, 20dd) are
importantfor transforming tidal energy (primarilgt semidiurnal and diurnal frequency)
to mud longer time scafe Recent studies with higtesolution models show significant
seasonal variabilityin the interaction between the tidal circulation and baroclinic
circulationon the southwestern ScS and northern flanks of the GeBegggOhashi et al.
2009; Katavouta et al. 2016; Chegini et al. 20I8 tempaoal-spatial tidal impact on the
circulation and hydrography over the E@&®nains to be fully studied

Regarding théarge scale circulation in the oceaigal dissipation is responsible for half
of the energyrequired tomaintain the thermohaline circulatia@m themillennium time
scale(Munk and Wusch 1998; Egbert and Ray 200@y including tides in a global
climate modelMiler et al. (2010)found the modeled pathway of theNorth Atlantic
Currentis improvedin a 50 years simulatiorDn the other handthe longterm impact
(longer tharthe residence time of the shelf watef€(1) years) of tides on the circulation
and hydrography of the EGSIl need to be examined and quantifi€tapter 4 contributes

to this goal.

1.3.2 Deep Channel Flows

Deep channeland canyonare common over the ECS, and have significant implication

for the shelfocean exchangenportant forthe GSL, ScS, and GoNRamp et al. 1985;

7



Bugden 1988; Petrie and Drinkwater 1998jnong those channedsd canyonsthe LCh

is the most distinguished one. The LCh extendsiS®over 900 km from the St.
Lawrence River Estuary (SLRE), across the GSL to the edge of the continental shelf south
of Newfoundland. The LCh, up to 450aeepat the mouth othe shelfbreak is the only
pathway for the deep water to enter the GSL. Thedandl flow entering the GSL through
Cabot Strait accounts for the majmrt (~80% (UrregoBlanco and Sheng 2014af the
transport exchange between the GSL and the Atlantic Qg&artitonsky and Bugden
1991) The landward flowing watesraredominated by the subpolar water ndasurface
andbecomerelativdy warmand saltyin the deep layefl50-350 m). The water mass in
the deep layer dhis landward flowis a mixture of the subpolar water and the subtropical
water in variable proportion®ugden 1991, Gilbert et al. 200%Yhich is in turn,affected

by the LC passing the tail of the GBoder et al. 1998; Fratantoni and Ma@ey 2010;
UrregoBlanco and Sheng 2012gilbert et al.(2005) suggested that up to two thirds of
the longterm decline in oxygen lels in the deep water of the SLR&nde attributed to
the increased proportion of the subtropical water in the landward flow.

The LCh shoals from over 200 m to 50 m degtlis head in the SLREwhere he
relatively warm and nutrientich deep water ifound partly upwelled and vertically mixed
due to tidegIngram 1983; Saucier and Chassé2000; Cyr et al. 2853hupwelling and
mixing leads to a wintertime sensible heat poly(fyaucier 2003)and alsadramatically
affecs the food web dynamics in the G®Quellet et al. 2013; Cyr et al. 201%jowever,
the variability of the flow in the LCland its impact on the circulation and hydrography in
the GSL are still not well understog®rinkwater and Bugden 1994; Koutitonsky and
Bugden 1991)The along channepropagation of the anomalies generated in deep waters
(UrregeBlanco and Sheng 2012; Brickman et al. 20&8)ss channel mixing, and the role
of different pocesses in the low frequency variabiligyd.,interannualof the flow in the
LCh are still open for further studieBhe model described in Chapter 4 offers a fool

this purpose.

1.3.3 Seaice

Seaice cover advances and retreats seasonally ov&/Sh&SL, and occasionally the

eastern Sc8anadian Ice Service 2009)he GSL, with ice cover from late December to
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May, is at the southern margin of thenterice cover intheNorthern Hemispheré&eaice

is suggested to be amportant component in agea interaction processes over the GSL,
which affects regional climate, ocean circulation, and water mass forng@tianier 2003;
Pellerin et al. 2004; Smith et al. 2006a; Urrd&®jJanco and Sheng 2014blhe seace
formation associatedrine rejectionenhances mter convectiorand mixingin the GSL.
Nutrientsare broughto the surfacdy the winter convection and mixingupporting the
biologically productive GSL which accounts for nearly 25% of the total Canadian

commercial fish catch by weigfKoutitonsky and Bugden 1991)

Seaice observatioal datafor theGSL used in many previous studiese primarily the
seaice concentrationmferred from satellite imagd€anadian Ice Service 200@tudies
have been made to understand the climatology and anomaly of theesagea (integrated
from seaice concentratios) (e.g.Drinkwater et al. 199). The longterm trend of the sea
ice areais decreasing in recent decades dkieNorthern Hemisphere, butditrend in the
GSL is not as significant as that for many other regionthéNorthern Hemisphere
(Parkinson and Cavalieri 2008; Caweal and Parkinson 2012T he role of environmental
forcings on the interannual/seasonal variability of theiseareain the GSL is still not
well understoodLi 2000). The limited direct measurement of ice thickness in the GSL and
large uncertainty in converting the stage of develepio ice thickness discourage budget
analysis of the seige in the GSI_which is important for a comprehensive understanding
of the sedce variability.

Various types of ocean models were used for simulating circulation and sea ice in the
GSL. The first coupled circulatieice model for the GSL was developed®gucier et al.
(2003) and their modetesults suggestesignificant sensitivity of the seiae volumetric
growth to the ocean stratification in late fall. With ayiear simulationJUrregoeBlanco
and Sheng@2014b)identified the primary ice formation areas to be over the northern GSL
coast. They also found the thermodynamic contribution to thzeee@lume variability to
be comparable to that of the advection, but with a decreasing importance for
thermodynamics seaward fmoCabot StraitAlthough ocean models can provigeaice
fields with good temporal and spatial coverage fodepth analysis, challenges in

reproducing the observed siea distributions in the GSiverealso notedSaucier 2003;

9



UrregoBlanco and Sheng 2014b; Brickman and Dragslka 2012) It follows that the

validity of conclusions drawn from studies is still limited by model performance issues.

Further studies are necessary to identify the main processes detgrthaoverall
magnitude of theseaice fields andtheir spatal variability in the GSL, and to achieve a
budget of the seie in the GSl.including distinguishing local and némcal sources and
sinks.A model with improved performance can be used to examine the role-icksea

this coupled atice-ocean system.

1.4 Objectives and Thesis Outline

The main objective of this thesis is to improve our understanding of the terspatall
variability of circulation and sea ice over the ECS and of the dynamics of theslzatge
circulation in the nNA, especially the western boundary currents that impose significant

impact on the ECS. The following scientific questions are considered in this thesis:

(1) What is the contribution to the barotropic transport in the nNA from the four major
dynamical terms arising from the verticalyeraged momentum equations, assessed by
applying the corresponding forcings to a linear shallow water model (SWM), following the
approach of Greatbatch et al. (2010)? The four major dynamic terms in the vertically
averaged momentum equation represent respectively the wind forcing (for a uniform
density ocean), the potential energy (baroclinic effects), mean flow advection, addyhe
momentum flux. These four teams can be computed from the model output of VIKING20.
VIKING20 is a highresolution (1/20) ocean model configuration for the northern North
Atlantic Ocean(Behrens2013. By diagnosing the contribution of the four terms in the
same framework, one can examine what the relative importance of the four terms in driving

the barotropic transport of the nNA are in the model.

(2) How good is this linear combination of contributiprsgarding the four terms, at
representing and explaining the interannual variability of the barotropic transport in the
VIKING20 model configuration? What is the contribution from the four terms mentioned
above to the temporal variability in responséat@ing from the atmosphere, in particular
the North Atlantic Oscillation (NAO)?

10



(3) Giventhat tides are not included in VIKING20, a regional model including tidal
dynamics is explored. What are the impacts of tides on the circulation and associated

hydrographic variability on the ECS and in adjacent deep waters?

(4) What are main physical processes affecting the seasoneégrawth, maintenance,

and decay in the GSL? Is the gea in the GSL driven only by local dynamics?

The structure of this thesis as follows. Chapter 2 presents the contribution of the four
terms in driving the mean barotropic circulation over the nNA in VIKING20. Chapter 3
examines the variability of the barotropic circulation in VIKING20, particularly in
response to the NAO.Hapter 4 presents the tidal impacts on the baroclinic circulation on
the ECS, and Chapter 5 examines the main physical processes affectingitieersdae
GSL. A summary of the main results and an outlook of future work are presented in Chapter
6.

Chapers 2-5 are based on four separate papéherefore, some similar background
material occurs in these Chapters, in particular regarding the methodology of the
streamfunction decomposition, and the model setup of a Northwest Atlantic regional model.
Chapte 2 was published in Geophysical Research Letters under the title of
fiDecomposition of theneanbarotropictransport in éigh-resolutionmodel of the North
Atlantic Ocean (Wang et al. 2017)Chapter 3 was published dournal of Geophysical
ResearcktOc e ans u n d e Decanpasingbaiotropictrangpbrtvaiiability in a

high resolutionmodel of the North Atlantic Ocear(Wang et al. 2020a)Chapter 4 was

published in Progress in Oceanography under thediti@Examining tidal impacts on
seasonal circulation and hydrography variability over the eastern Canadian shelf using a
coupled circulatiofice regional modeél(Wang et al. 2020b)hapter 5 will be submitted
after revision t@€ContinentalShelfResearcinder t he titl e of HAThe

affectingthesea ce i n the Gulf of St. Lawrenceo.

11

m



CHAPTER 2

DECOMPOSITION OF THE MEAN BAROTROPIC TRANSPORT
IN A HIGH -RESOLUTION MODEL OF THE NORTHERN

NORTH ATLANTIC OCEAN !

2.1 Introduction

The Gulf Stream and its extensions play an important role in the Northern Hemisphere
climate( Mi nobe et al . 2008; Sc a,bécausexntitsmassive 201 4 ;
volume transport and associated redistribution of heat and sgBiting et al. 2016;
Trenberth and Caron 2001After the Gulf Stream detaches from the shelf break at Cape
Hatteras, its volume transport increases dramatically up to about 1(BQi@ister 1963)

This increase in transport has been attributed to the presence of the Northern Recirculation
Gyre on its north side and the Worthington Gyre on its south(ldioigg et al. 1986; Hogg

1992; Worthington 1976)The Gulf Stream rattaches to the bottom slope la southern

tip of the Grand Banks of Newfoundland and the Newfoundland Ridge. Its main branch
follows the slope of the Newfoundland Shelf northward as the North Atlantic Current
(NAC), before it turns sharply eastward at the northwest corner, headinglsoia@ope.

The dynamics of the northwest corner (centered at about&td5W) (Lazier 1994)
and the recirculation gyres associated with the Gulf Stream and its extensions are not fully
understood, andemeral circulation models have trouble reproducing these features of the

circulation. Typically, for example, the northwest corner is missing due to the misplaced

1Wang, Y., M. Claus, R. J. Greatbatch, and J. Sheng, 2017: Decomposition of the Mean Barotropic
Transport in a HigiResolution Model of the North Atlantic OcedBeophys. Res. Let#4, 11,537
11,546.
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NAC (see Delworth et al. 2012; Flato et al. 2013; Dyaawal. 2015; Griffies et al. 2015
leadingtothesa al | ed Acold biasd that, in turn, c:
low frequency variability in model@rews and Greatbatch 2016, 205nd also to the

overlying atmosphere in coupled moddBcaife et al. 2011; Keeley et al. 2012)
Furthermore, the region of the Mann Eddy (centered at aboutat#6W) is suggeste

to be a pivotal point in modulating variability of the Atlantic Meridional Overturning
Circulation(Tulloch and Marshall 2012)

The main dynamics driving the recirculation gyrésmve long beerstudied It was
suggestd that the deep circulation plays an important role in their dynamics through the
bottom pressure torque and associated bottom vortex stre(etolignd 1973; Greatbatch
et al. 1991; Zhang and Vallis 2007Recirculation gyreswvere also modelled using
extensions to a stratified ocean of the Fofoiid®54 model(Marshall and Nurser 1986;
Greatbatch 1987)n these models, the eddy fluxes provide a weak forcing while it is the
advection by the mean flow, in particular the advection of mean vorticity in the time
averaged vorticity equation, that shields the recirculation gyres from the influence of the
easern boundary and allows the transport to exceed the Sverdrup transport. Hogg and
Stommel(1985 notedearlier that closed potential vorticity contours can occur beneath the
Gulf Stream due to the tilt of the isopycnals and the underlying topogi@pkyalso
Greatbatch and Zhai 20p&nd that transient eddies can drive large transports within these
contours. More recently, Greatbatch e{2010 estimated that the transport driven by the
eddy momentum fluxes alone is comparable to the observed total transport in the Gulf
Stream and North Atlantic Current region. In that paper, the surface eddy momentum fluxes
were derived from satellite altimetry observations. However, a vertical profilled@ddy
momentum fluxes had to be assumed to calculate the vertical integral of the fluxes that is
difficult to verify given the limited observations. One of the aims of the present study is to
assess the importance of the eddy momentum fluxes, comparether drivers for

vertically-integrated transport, in a high resolution ocean model.

Traditionally, the verticallyintegrated (barotropic) gyre transport in the ocean has been
examinedn terms of the vorticity equation derived from either the veryeallegrated or

the verticallyaveraged momentum equations (see, for example,(B&9 and Yeager
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(2015). The former approach (sé&g. (A.24) in Appendix A), based on vortex stretching

of the water column, takes the flavttom Sverdrup transpotEg. (A.25)) implied by the
surface wind stress as its reference point, and the effect of variable bottom topography
enters by means of the bottom pressure torque (see HLARd for an early example).

On the other hand, when considering the vorticity eqnaderived from the verticalty
averaged momentum equatiorisy( (A.21)), the reference is the topographic Sverdrup
transport for a uniform density ocedsaq( (A.22)). The effect of density stratification is
included by means of the JEBAR term (see Mend &V/right (1992 for a detailed
discussion of JEBAR), an approach dating back to Sarkisyan and I ASG\).
Greatbatch et al1991) exploited these two different approaches in order to suggest a
decomposition of the gyre transport into its different ponents and illustrated their
decomposition for the North Atlantic using the diagnostic model of Mellor ¢1282).

Bell (1999 and Yeagef2015 discussed both approaches applied as model diagnostics,
the former focusing on the North Atlantic and the representation of the Gulf Stream in
models, and latter showing how the same approach can be used to provide a decomposition
for the meridional oveutrning circulation in models. Neither B€1999 nor Yeage(2015

used circulation models that included eddies and were, therefore, unablaat® a

statemengabout the transport that is driven by the eddy momentum fluxes.

In order to infer the transpiodriven by the eddy momentum fluxes, Greatbatch et al.
(2010 used a barotropic, linear shallow water model driven by forcing terms that were
specified in the horizontal momentum equations. The barotropic model solves for the
vertically-averaged (barotpc) velocity and the forcing terms were derived by vertieally
averaging the momentum flux convergence implied by the satg#iiieed surface eddy
momentum fluxes based on the assumed vertical profile. Their approach is therefore based
on the verticallyaveraged, rather than the verticaliyegrated, momentum equations. In
the present study, we extend this approach to include, additionally, forcing terms associated
with mean flow advection, the potential energy (which leads to the JEBAR term in the
vorticity equation) and direct wind forcing (as for a uniform density odesegEq. (A.11).

A detailed derivation of the forcing terms is giverAppendix A The forcing terms are,
in turn, derived from a highesolution ocean model that includes mesosedties. We

show that the local vorticity budget in the model is quite noisy and is dominated by small
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spatial scales from which it is difficult to infer the relative importance of the different
forcing terms. Dynamically computing the implied transpoingithe shallow water model
acts as an effective filter enabling the transport streamfunction from thedsiglution
model to be decomposed into its separate parts.

Model outputs from aigh-resolutionocean modeéVIKING20 (Behrens 2013)re used
here. VIKING20 has the advantage that it captures the Gulf Stream, NAC and their
associated recirculation gyres without data assimilation (see Mertens(201) and
Breckenfelder et al2017 for a detailed assessment of the performance of VIKINGZ20).
Section2.2 presents the four forcing terms and discusses the setup of the linear shallow
water model used to compute the transport driven by each forcing term. Results for the
mean transport averad over 50 years (1968009) are shown and discussed in Section
2.3. A summary and discussion are given in Secidn

2.2 Method

VIKING20 usesa twoway nested ocean model configuratiatichconsists of a high
resolution /209 component (referred to as the nest in the followiiog)the northern
North Atlantic ONA, about30N -85N) anda globalcomponenof roughly 1/4%orizontal
resolution (eferred to aghe base)Both components are composedtioé Nucleus for
European Modelling of the OcedNEMO) (Madec 2008)using theOcén PAralldisé
(OPA) system for ocean circulaticendthe Louvainla-Neuve IceModel (LIM2) for sea
ice. Thetwo-way nestingis accomplished with the help thfe AGRIF system (sé&ehrens
(2013 and Bdning et al. (2016 for the details). After a 39ear spirup of the base
componentalone, VIKING20 was integrated from 1948 to 2009 using the CORE
atmospheric forcingLarge and Yeager 2009utputproducedby the nest component of
VIKING20 duringthe period 1962009 is used in this study to calculate the forcing terms
for the vertically and timeaveragedorizontalmomentum equatian It should be noted
that the separation between the mean angemterbation velocity is carried out each year
separately, followindrieck et al.(2015. As such, the mean flow advection forcing also

includes a rectified contribution from the interannual variability.
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To compute the barotropic transport driven by eacheofdlting terms, we use a linear,
barotropic shallow water model (SWM) that is run to steady state. In steady state, the

equations governing the SWM are:

. p Tr i 0
Q ——— 77— = O 21
vw "owéEl =— O
v w PTH O TO
Q —— = O 2.2
o v " — 0O

p 1061 GEi —OU

L 23
Wwe 11— T —

where each of the four forcing terms in turn is denoted$ , where Z is the zonal
component and M the meridional compondhtshould be noted that the free surface
variable in the SWM should be inpeeted as the bottom pressuie, wis the radius of the
Earth _h— are longitude and latitudé,andV are vertically-averaged velocities in the
eastward and nonvard directions, respectivel{Qis the ocean bottom depth,is a linear

bottomfriction coefficientand {O, "O) denotes a horizontal Laplacian viscosity term with

lateral eddy viscaty coefficient given bydo (seeAppendix Afor the detailed expression).

The forcing terms, ¢, U ), are computedrom the output of the nest ecoponent of
VIKING20 for each year separately and then averaged over all years to provide the forcing
for the SWM. The formulation ofd§ 0 ) in the four cases is given below (the detailed
derivation is given ilAppendix A, where an overbar denotes a time average over a single
year (following Rieck et al. (2019) and < > a vertical integral froma O

(corresponding to the ocean bottomjito 1t (the ocean surfage

1. The potential energy term:

p T "

. T 7 omr d 24
DCowell — 7 ‘

16



where} r e p the isr®tun derssityand” represents the horizontalgveraged mean
density

2. Meanflow advection:
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3. Eddy momentum flux:
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4. The wind stress term:
T
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The SWM in this study igery similar tathe model described Ifyreatbatch et a{2010),
andis set up for the model domain covered by lingh-resolution nest component of
VIKING20. The model uses a staggered latitude/longitudgri€ with a horizontal
resolution of 1/20°covering the North Atlantic between 85W to 5E and from 31N to
67N. The bottom topography is interpolated from thatloé VIKING20 nest component

to the SWM grid. To keep the model stable and restrict naiiaear bottom friction
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coefficientwithi v p 1 I O and Laplacian horizontal viscositpefficientd

p v it O are appliedWhile there is some sensitivity to the choice of these values, the
streamfunction computed from the SWM, when all four forcings are used together, is close
to that from VIKING20, as we show in FiguPel (morediscusgon later), suggestinghat

these values effectively mimic the dissipation in VIKING20. No attempt was made to
extract the dissipation terms from VIKING20 itself (which, in any case, are not part of the
available model output)n addition, to inhibit topographic instability assated with the

steep and rough topograp(#illworth 1987) on the highresolution SWM grid, a-By-3
running average filter is applied to smooth regions with water depth less than 1000 m. Note
that we want to preserve the topography in the deep ocean as closeilas pwsisat of

the nest component MIKING20 since this study focuses on the |lasgpale barotropic
transporin the open ocean rather thamthe shelfln addition Hudson Strait, Davis Strait,
Denmark Strait, the Faroe Bank Channels, the English @hand the Strait of Gibraltar

are all closedn the model

Unlike the VIKING20 nest the lateral boundaries of the SWM are clos#acewe do
not attempt to decompose the open boundary forcing for the VIKING2Comgtonent
according to each forcingrta. Since there are f/H contours that enter the model domain
at the southern boundary, transport driven by each forcing term outside the SWM domain
(which is the same as that of the VIKING20 nést)ot taken care of by our model solution
and thisindeed has an impact on the computed barotropic transport, as we discuss later.
While this is a disadvantage of our method as applied to VIKING20, the problem would
not arise if the southern boundary of the nest extended south of the equator since then th
southern boundary of the SWM domain would not cross f/H contours.

2.3 Results

Figure2.1a preserstthe total barotropic transpocbmputed directhfrom VIKING20
within the region of the VIKING20 nest and Fig@réb presents the sum of the barotropic
transport from the SWM driven by each of the four forcing terms separately (note that since
the SWM is linear, this is the same as the transport driven by all four terms tagEtieer)

barotropic transporfrom the VIKING20 nest (Figure 2.1a) depicts a wellleveloped
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northern recirculation gyre south of Atlantic Canada, and recirculation gyres associated
with the North Atlantic Current, including the anticyclonic Mann Eddy centered at 42N
46W and the northwest corner near 50N 45W. The recirculation gyreshe SWM are

at the same locations and of similar strengths to those in the VIKIN®&Dwhich
indicates that our linear decomposition meth®dblereproduce their dynamics from
VIKING20. Nevertheless, the combined barotropic transport from the $8\idaker in

the subtropical gyre and a bit stronger in the subpolar gyre. The diffeesglgwn in
Figure 1¢is mostly associated with the closed southern boundahe SWM indeed, the
difference in the barotmc transport is generally angiclonic, following the f/H contours.

It is also possible that somef the differenceis relatal to the different friction
parameterization used in the SWMand VIKING20. Nevertheless, the unexplained
barotropic transport does nekhibit the recirculation gyresr quasistationary eddies
along the Gulf Stream and the North Atlantic Currerttich implies that the dynamics of
theserecirculation gyres are primarily explained by the four forcing terms specified within
the SWM domain.

Figure 22 shows the fiftyyearmean barotropic transport driven by fiwential energy
(PB), mearflow advection, eddy momentum flux and the wind stress terms (here the wind
driven transport for an ocean of uniform density), and the ratio of their contributions to the
total explainedbarotropic transporfrom the SWM The PE term plays a dominant role
over most parts of the model domain, especially in the subpolar gyrelNahtern
RecirculationGyre and the Gulf Stream separation regionaludingthe Worthington Gyre,
consistent wi previous studiege.g.Greatbatch et al. 1991; Myers et 58096. The PE
term also plays the primary role along the path of the Gulf Stream, where it is
complementedby the mearilow advection and eddy momentuhax terms.
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Figure2.1. Modelcomputed 56/ear mean barotropic transport (color shading in units of
Sverdrups) for (a) the VIKING20 nest, (b) thersof the four cases computed by the SWM,
and (c) & b. Lines are f/H contours of 17, 20, 25, 35,45, and 55 in units ®&1on?,

which are smoothed using a Gaussian filter with a standard deviation of 0.5%n latitude and
longitude. The locations dfhe northwest corner (NWC) and Mann Eddy (ME) are shown

().
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Figure2.2. Modelcomputed 56/ear mean barotropic transport (color shading in units of
Sverdrups) driven by (a) the PE (JEBAR), (c) mBaw advection, (e) eddy momentum

flux, and (g) wind stress terms. Note that the color coding is not the same in all panels.
Panels (b), (d), (f) and (h) show the ratio of the corresponding barotropic transport to the
total barotropic transport (as shownHRigure 1b). The contours are f/H contours of 30 and
45 in units of 16 s m?, which are smoothed using a Gaussian filter with a standard
deviation of 0.5°%n latitude and longitude.
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