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Abstract

The Atlantic Meridional Overturning Circulatio@AMOC) transports heat and salt between the tropical Atlantic
and ArcticOceansThe interior of theNorth Atlantic Subpolar GyréSPG)is responsible for the nthof the

water mass transformation in tAd1OC, and the export of thiwaterto intensified boundary currenis crucial

for projecting airsea interaction onto the strength of the AM®Bwever,the magnitude and location of
exchangdetween th&&PGandtheboundary remains uncleaie presené novelclimatologyof the SPG
boundaryusing qualitycontrolled CTD and Argo hydgraphy definingthe SPGinterior as the oceanic region
bounded by 47N and the 1000m isobathrom this hydrography wind geostrophidlow out of theSPG

around much of the boundary with minimal seasonalltige horizontal density gradient is reversed around

West Greenlandvhere thegeostrophic flows into the SPG.Surface Ekmariorcing drivesnetflow out of the
SPGin all seasonwiith pronounced seasonality, varyibgtweer2.45+ 0.73Sv in the summer and 7.202.90

Sv in the winter.We estimate &at advected into theP&to bebetween (4 + 0.05PW in the winterand0.23

+ 0.05PW n the spring andfreshwateradvected out athe SPGto bebetween 0.0 £ 0.02Svin the summer
and0.15 £ 0.02Svin the autumnThese estimates approximately balance the surface heat and freshwater fluxes
over the SPG domai®verturningintheSsSPGv ar i es seasonal | y t140Svwimthea mi ni
autumn and a maximum of 10.£71.91Sv in the springwith surface Ekman the most likely primary driver of

this variability. Thedensity of maximum overturning is at 28.8gm3, with a secondsmaller maximum at
27.54kgm3 Up per wéa 27680kgm?) (ané transformed in the interior then exported as either
intermediate water (27.307.54kgm®) in theNorth Atlantic CurrentfJAC)or a s d e §>s2@.54kgart e r
%) exiting to the south. Our resultapport the present consensus thaféhmationand preconditioningof

subpolar Mode Water in the nordastern Atlantiés a key driver and modulator of AMOC strength.
1. Introduction

The AMOC (Atlantic Meridional Overturning Circulation) is the zonafitegraed system of currents
transporting heat and saletween the South Atlantic and thecfic. It is a key component dhe global
thermohaline circulation, transporting approximat@s of the global oceaatmosphere heatansport
Meridional heat transport associated with the AMOC.&PW acros26° N (RAPID, Smeed eal., 2018,
diminishingto 0.51 PW at 58° NOSNAP , Li etal., 2021b) and 0.309°W by the Greenlan8cotland Ridge
(Tsubouchi et al2021). The subpolar North Atlanti(SPNA)plays a large role in regulating the climate
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system by connecting surface and deep layers, suchahability in these regions can imprint on global
averagesind mediate the rate ofimate chang€Chen and Tung, 2014PCC 202).

The SPNAfeaturesa cyclonic system of currentsllectivelytermedthe Subpolar Gyre (SP@yansporting
warm, salty water northwards on its easterie aitdtransitioring into a cool, fresh southward flow on its
western sideThe strongest currents in the SPG are locatednd the periphemguemainly to meridional

density gradientandtopographic intensificatiom the eas{Huthnance et al., 202®1arsh, 201Y, andwestern
intensification in thavest(Munk, 195Q Stomme] 1957 Sverdrup1947). The GulfStream ishie primary input
of water to the SP@om the southAs the GulfStreamcrosgsthe Atlantic from west to east,portion
transitions intdhe NAC; about 53% of NAC transport ishought tocirculate in the SPG while the remainder is
diverted poleward over the Greenla8dotland Ridg€Berx et al., 2013Hansen eél., 2015 Jsterhuset al.,
2019).Return flow into the SPG from thrctic Oceanand Nordic Seas maintyccurs indeep overflows over
the Greenlandcotland Ridge (Dickson et al., 20@hnson et al., 201 @Psterhuset al., 2008 and in the

surfaceoutflow of Polar Water in the East Greenland Curr&d Steur et al., 2037

Thegenerally acceptedew of the AMOC functioning in th&€PNAhas been that wintéime buoyancy loss in

the Labrador Sea drives deep convection, and that this convection was the principal direct linkage of the upper
and lower limbs of the overturnir(@.g. Rhein et al., 201,1hough some contemporary studies adjinat the
contribution of thd_abrador Se¢o the AMOC was more minor (e.g. Pickart and S28l07). Observations

from the OSNAP arrapave providedstrong evidence thahe mean andariability in the SPG AMOC is driven

by buoyancy exchanges in the ocean basimgh of OSNAREast(Irminger Basin, Iceland Basin and Rockall
Trough (Kostov et al., 2021Li and Lozier 2018Li etal.,2021a; Lozieretal.,2019 Petitetal., 2020 Petitet

al., 2021) Processes north tifie GreenlandScotland RidgéGSR alsocontributesignificantlyto the supply of

dense water to the lower limb of the AMOChafik and Rossby, 201 ®etit etal., 2021; Tsubouchi eal.,

2021, ZhangandThomas, 2021

A reconciliation of these views is a new appreciation that masteafensity anomalies evident in the Labrador
Sea are generated by buoyancy exchanges in the east and imported to the Labrador Sea. Sd,akbnilddhe
Sea density anomakare arultimate indicator of SPG AMOC functioning, they are not the source drilzers (
etal., 2021a; Menaryetal., 2020. Instead, théransformatiorof the NACto Subpolar Mode Water (SPMW
Brambilla and Talley, 2008; Brambilla et al., 20@®peardo play a key role in preconditioningfor

overturning at higher densitieBétit et al., 2021l A remaining challenge for tracking the AMOC is therefore
understanding the location, nature dmerarchy ofprocessesonnectingSPMWwith theeventual export of

dense waters in the lower limb

One way of furtherefining our understanding of AMOG todistinguishprocesses taking place in t88G
interior from thoseexternalto the SP@mainly in the SPG boundary and north of the GSR,[@egbruyérest
al., 2020;Petit etal., 20221, Tsubouchi etl.,2027). This can be achieved by examining the interf@dde etal.,
2022 Spall, 2008 between th&PGinterior where muctof the buoyancy forcing takes pla(i@e Jong et al.,
2018; Josey et al., 2018jpd thenarrow, swift boundargurrents that rapidly transmit this information around
the SPGand enable connectiomsth other basinsKig. 1). For example,riteriorboundaryexchangean be

influenced bychanges in water mass properties in the boundary cu(iitems etal.,2015) wind forcing
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(Huthnance et al., 2022nd interaction between boundary currents and steep topogtepimg diapycnal

mixing (Briggemann and Katsman 201@ Bras et al., 202Q;iu et al., 2022 Spall and Pickar2000.

To evaluatethe importance of these boundary processése SPG AMOCwe calculate éudgetfor the
exchangef waterbetween th&PGinterior andboundaryshelf regionsandthrougha zonal transatlantic
section at 47N (Fig. 1). We constructa newtemperaturesalinity (TS) climatology dongthe 1000m depth
contour of the SPG aralosingat 47°N (12,000km path Fig. 1) covering the Argo era (20Qthward3.

The 1000 m isobath was selected for numerous reaBogsy, the 1000 m contour encircles the key features of
the SPQG including the Rockall, Iceland, Irminger ahdbradorBasins partitioningbasin interior processes

from shelf sea processeSecondly, a#t7 °N thesimulatedmaximum overturning in depth space is roughly
1000 m deptifHirschi et al., 202)) so this choice allows us to approximateigtinguish upper and lower limb
processesThirdly, Argo trajectoriesallow us to estimate curren& 1000 m depth which we later incorporate

into our analysis.

We quantifyregionally and in density spawghere thevolumetransportsnto and out of th&PG interioroccur.
, 202Foxetal.,2022),
which, whencombined with our new climatology provislaovel insights into the functioning of the AMOC in

We thenvalidate and extend our analysisingthe VIKING 20X model Biastoch et al.

the SPGWe presenthe overturning, heat and freshwater fluxes associated with the observed water properties
and transportsFinally, we investigate which processes determine how volume continuity is maintained in the

SPG andsummarig in a schematigFig. 12.
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Figure 1.Smoothed 1000 m bathymetry contour (solid black line), closed by transect acrdsK4y°
locations around contour are labelled; these are used throughout this fiadhied black line shows OSNAP
line. RT: Rockall Trough, WTR: WyvillthomsorRidge Meanmagnitude and direction slurface currents
(2000-2020) derived from AVISO data shown by coloured contandsjuiver arrows Isobaths overlaid at
1000 m increment8athymetry contours from GEBCO bathymetry (http://www.gebco.net/). GEBCO =
General Bathymetry Chart of the Oceans.



2. Materials and methods

Here we describe the datasaetsl methodsised for the core analyses in the study. Information on other datasets
100 used is provided in Supplementary Materials S2.

2.1 World Ocean Database WOD18) profile data

We construct our TS climatology along a narrow strip defined by the 1000 m isobath around the basin of the
SPG. CTD and Argo profile dtafrom post2000 (Argo erayveredownloaded fromthe WOD on 03/09/2019
(Boyer et al.2018) The isobath was smoothed using a 100atomg-contourbracket to remove undesired

105 complexityin the contouandprofiles of conservative temperatu¢e) and absolute salinit§y weregathered
between 0 an@5 km offshoreas shown irfFig. 2. We required data coverage between surface and 1000 m so
profiles withpoor vertical resolution<(50 observationsand those sampling only part of the water column,

were excludedrurther QC steps were performed and are detail&lipplementary MaterialSl.
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110 Figure 2:(a) Location of profiles contributing tthe basin perimeter data producBlack points show CTD
profiles, grey points show Argo profiléEhe1000 m bathymetry contour is shown in.rétle pofiles extend up
to 75 km offshore frorthe 1000 m contouSmall black circle®n boundary contour shogrid locations of
boundary data product,rgen crosses show grid locations of EN4 zonal sectionHtl4Bathymetry contours
from GEBCO bathymetrghttp://www.gebco.net/). GEBCO = General Bathymetry Chart of the Oc@gns.

115 Distribution of profiles contributing tthe boundary dataset plotted over timBlack points show CTD profiles,
grey points show Argo profileDashedred lines show nominal geed of 8 cm s! and 14cm st around the
boundary.Key locations around boundary labelldeSC: FaroeShetland Channel, southernmost point of
Iceland, RR: Reykjanes Ridge (southern tip), Cape Farewell, LS: Labrador Sea

2.2 Gridding of profile data

120 Profiles werdirst separateihto four seasondinter (JFM) Spring (AMJ) Summer (JAS)and Autumn
(OND). They were griddedrertically in20 dbar pressure bimsd then horizontallyror the horizontal gridding

we used cells spaced at regular 150 ktaeriralsandemployed a variable search radagntred on each cell



The alongslope property gradients weneaker than those in the acredspe direction, save considered a
larger grid size and search radius in the alsloge directiorio beappropriate.For a given grid cellan initial

125 search radius of8D kmwas usedandthe number of profiles founid this radiusof a cellevaluatedIf 75 raw
profileswerenot found, his search radiusasincrementallyexpanded up to a maximum 30 km. Thus,
some profiles are used in more than one grid ddbstgrid cellsarepopulated using the minimum search
radius (50km), butit was necessary to expand the search ragiusthe maximunB00 km to achieve gab
coveragen 5 % of cells during the summer, rising to 22 % during the autiarcentreweighting was

130 attempted.Profileswere averaged on pressure levels to create the gridded podgliendS. A schematic of

the gridding workflow is provided in Supplementary Materials S1.
2.3 EN4 data at 47° N

We use ¢émperature and salinityath from the Met Office ENgroduct(Good et al., 2003or thezonal section

to close the boundary at a latitude of AZ°We considered this to like most appropriatgource of data for the
135  zonal transecfirst, whilst our boundary dataset benefitted framd a | -b @ gn d a r y énettwpdoiogyithe n g

zonal transet is dignedt 0 E N 4, 6osthe gendfitd of independently gridding the profile data are largely

negatedSecond, ENd s c | i pravides kcovegagdeeper than 2000 m in the North Atlantcregion

where observational datmsparsedue to the depthmit of most Argo floats.

We found excellent agreement between gridded profiles and EN4 grid cells in <2000 m waters, and no unusual
140 horizontal gradient in properties (which could translate into an anomalous geostrophic transport) between the

end ofthe boundary dataset and the beginning of the EN4 traffdextocation of WOD profile data and EN4

grid cellsis shown inFig. 2. We found thabelow 1000 mgeostrophic velocities calculated from EN4 data

overestimated the strength of the Gulf Streamth anderestimated the Deep Western Boundary Current and

other southward flows acrod3°N due to data coveradieitations in the abyssal oceaim Section 2.4.5 we

145  discuss thisveaknessind the steps taken to limit its impact on the results.
2.4. Computing transports and fluxes
24.1. Geostrophicvelocities

We first compute the geostrophic shear between each gridded station, and between the final station and the first
to complete the loofNote that vihen integrating to the same depth arounddbp, the net transport between

150 the interior and exterior of tH&PGis constrained to be neaero because theis no net change in dynamic
height around the closed circult small residual transporemairs because of variatioria the Coriolis

paramegrf as the latitude of the stations changes around the boufidlryee 6 b et a ef fect d

When computingverturningtransporiandheat and freshwater flux@s Sect 3.4and 3.5we requirea measure
of transports to the seabed so that volume is conservedmpletion of the boundary loofgeostrophic

155  velocities acrosse>1000 mdepthof the47° N transect resuln a net @in in volumeby the SPGinterior, so
we enforce the conservation eblumeusing asmall negativeeference velocitapplied to this regianThe
EN4 dataset is known to poorly resotbe deep western boundary current in this region (Feasbr
Cunningham, 2021) whiclxplains some of thisnbalanceThe implementation of this reference velocity, and

its impacton computed values fdtuxes and overturninig discussed in Se@.4.5
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Dynamic height at each profile is computed relative to the surface and referenced to the gridded Absolute
Dynamic Topography (ADT) derived from satellite altimefBg. (1)). We consider the use of satedliSSH

derived velocities to be a robust reference method for our application given the large spatial scales and the long
temporal averages associated with the stlitig. gridded ADT data were temporally averaged over the same
periods as the profildata coverage (2068019, split into four seasons) and interpolated values extracted at the
station locationsThey were then smoothed using-adint running average to mimic the smoothing inherent in

thehydrographigyridding process.
B B @ a i p

WherelZ is the dynamic height relative to the sea surface, calculated as the integral of the specific volume

anomaly from the gridded pressure to the surfaéethe satellitederived ADTandg is acceleration due to

gravity. The timemean geostrophic velocity —assigned to locations miday between hydrographstations

is computed from

Pt

Q Qw

ai q

wherex is the(anticlockwise) distancalongthe 1000 m contour

2.4.2. Geostrophic transports

Transports for each grid céd ) were computed by integrating H) over the crossectional area
between each station, and between adjacent pressure levels (the 20 dbar pressure intervals are taken to

approximate 20 m):

0 0 QuwQHo o

The vertically integrated transport betwdgand 1000 m can then be computed by summing the transports of
cells at each statiofrurther, theaccumulatedransport around the basin candi#ainedusing a horizonta

integral.

We estimatestatisticaluncertaintiebased on the variabilitypyherentin the datasets contributing to the study.

This is accomplished by repeating the analysidtiple timeswith thegridded TSprofilesrandomlyperturbed

The perturbatiomf each gridded value is scaledthg standard deviatiaof profile data contributing to that

grid cell, thuggiving an indication of theensitivity of the conclusionstoh e scatt er Forfthe6r awd
EN4 transect, the uncertaing/suppliedwith the griddedrariablesand we use this tecalethe perturbations.

The satellite altimetryras a large standard deviation on day or month timeséaeair analysis spans two

decades, we considered it appropriatérgh calculateannual measof ADT, then compute thstandard

deviation of these annual medns the uncertainty estimat&éhe ADT accounts for about 60 % of the

uncertainty for the heat and freshwater fluxes, and about 30 % of the uncertainty for the overturning results.

The analysis was repeated 100 timéth theboundary climatologyaltimetry,and surface Ekman transports

6
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(Sect 2.4.3). The standard deviation of thesultant values forms the upper and lower bounds suppliedwith
results. Measurement errors aseibstantially smaller than the standard deviation of observaGatibrated
CTDs areypically accurate to £ 0.001 °C and £ 0.002 psugl celayedmode alibrated Argo floats are
accurate ta 0.0 °C and+ 0.01 psu Errors n SSHin the griddedADT productare typically around-2 cm

in the North Atlantidout are up t& cm in the Gulf StreamAs these measuremestrorsaregenerally not
systematicthe long averaging periods in our analyasanthat theymakea negligiblecontribution to the total

uncertainties
2.4.3. Surface Ekman transports

Wind stress data @reobtained from the ECMWF ERADS reanalysis proditersbach et al., 2020The wind

stress component tangent to the boundary contour was used to calculate the Ekman transport across the
boundary at geostrophic velocigcations (cell migpoints) These we then averaged to compose seasonal
climatologiesUncertainties associated withe surface Ekman transpowiere taken as the standard deviation

of annual meansf thetranspors. For the flux and overturning calculations, the Ekman transpogtaddedto
velocities in the top 20 m cellTheytherefore act othe corresponding top cells of the gridded temperature and

salinity.
2.4.4.Model-derived transports in VIKING20X

We recreate thboundary transedn VIKING20X to support the observationahalysis andhelp diagnose the
transportsand fluxeswhich may not be resolvduy geostrophic or surface Ekman calculatio®@stput ofthe
VIKING20X-JRA55shortmodel hindcast (Biastoch et al., 2024 ysed to compttransports into th&PG
VIKING20X is a 0.08 ice/ocean model of the Atlantic Ocean (335fbD65° N) nested within a 0.25 degree
global ice/ocean model. The run used here is driven from-p88§nt using JRA580 atmospheric forcing and
runoff (Tsujino et al., 2018)n thevertical, VIKING20X uses 46 geopotentialevels with layer thicknesses
from 6 m at the surface gradually increasin@#50 m in the deepest layeBottom topography is represented
by partially filled cells allowing for an improdaepresentation of thieathymetry (Barnier et al., 260 In the
SPNAVIKING20X has horizontal resolution of8 km. Hindcasts of the past-BD years in this eddsich
configuration showhatit realistically simulates the largecale horizontal circulation, the distribution of the
mesoscale, overflow armbnvective processes, and the representation of regional current systems in the North
and South Atlantic (see Biastochadt, 2021 for full deails).

To preserve the volume conservation in VIKING20X, rather than mimicking the observational data sampling
the transport calculations are performed across a section following horizonteétjfidundaries (Agrid
boundaries in the VIKING20X ocean &awa Cgrid). North of 47°N this section is constructed to be the
shallowest line with all adjacent cells deeper than 1000 m, the volume is closed actds$at@at model
transports, model geostrophic transports (referenced to model sea surface &eigimpdel surface Ekman

transports are calculated.

The stepped model topography results in two potential approfmhestimating geostrophic transports. The
first stops strictly at 2000 m but leaves a small gap beneath over complex bathymetry.piidastapbeys the

beta constraint on geostrophic flow, so is most comparable to the obserbations s ome 61 eakage

be



m on the boundary remains. The other approach extends to the bed around the boundary. This means that all
230 acrossboundary flow $ captured, but the beta constraint on total geostrophic transport is slightly relaxed as
there is now an undulating bed with alesgction pressure differences. When comparing observations to
VIKING20X (Sect. 3.3) we primarily use transports derived gshe strict 1000 m caff. However, when
estimating the gyre volume budget (Sect. &vd)compute transports to the seabed around the bouastig

enforcesa strict separation of flows across the 47° N transect.

235 To diagnose ageostrophic ndmd flow associated with the modelled boundary currengstimate of model

bottom Ekman transpoBt  (per unit section lengthinto theSPGis made:

N 686 v O&
0

from model parametes =0.001,Q2=0.0025 i s2. 6 isthe bottomdrag coefficient, an@® thebottom
turbulent kinetic energipssdue to tides, internal waves breaking and other shorstaie currents is along

240  section velocityp is velocity perpendicular to the section a6k the Coriolis parameter.
24.5. Heat and freshwater fluxes

For this analysis the gridded tempproiantud egvaelacityt sap hiné t
st at i oomesalcaated. The computation of fluxes requires a fhakmnced velocity field, and this
necessitates computing transports down to the seabed rather than for the top 1000 m only. Whilst we have
245  confidence that geostrophic + surface Ekrransportcaptue the main flow features of the upper ocean, as
previously stated we consider that geostrophic shear using the EN4 TS fields does not adequately resolve
several features of the deep flow across 47 N. Computing cumulative geostrophic + surfacér&kepats
for the full depth results in residuals averaging +20 Sv into the SPG, mainly because the Gulf Stream does not
diminish with depth, but also due to an underestimation ob#epWesternBoundaryCurrent, and an absence
250 of southern flow in the d@ewater masses across 47° N. We therefore perforstag2 adjustment to the sub
1000 m velocities to first linearly reduce the Gulf Stream with depth, then selsanally varyingeference
velocity that when added to the 47° N section (integrated leetd@®00 m and seabed) balances the water
volume entering and leaving G This is betweer0.0002 and0.0018 cm 8 depending on season. Details

of this adjustment are provided in Supplementary Materfals S

255  Heat and freshwater fluxesross the boundaryerecalculatedas follows.Heat flux () ) across each grid cell

is defined as:

(5)

Where” is the nominal potential density of seawaterjs the specific heat of seawatér,  afix is the sum

260  of the geostrophic (Eq1)) and Ekman velocitiesSgct. 3.2.2) perpendicular to the sectiongdti is the
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conservative temperatusmd—F, the reference temperature, is the mean temperature for tuefuiSPG

interior (4.03 °C). Following Lozier et al, (2019)we use a value of 4.1 x 40m3 K1for” ¢ .

Freshwater flux0 ) is defined as:

Y "\F’Q(b'Qéﬁ i
— i
N ! ¢
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Where"Yaftr is the absolute salinity of a grid cél the reference salinity, is the mean salinity forftiike

depthSPGinterior (35.14 g kg?). As before the convention for and0 is positive into the SPG.

We estimatethe average surface freshwater and Aaaes for 20062019usingERA5S montHy means

(Hersbach et al., 2020For freshwatewe compute evaporatidnprecipitation for each grid cell, then integrate
over the totaburfacearea enclosed by the 1000 m aantand 47N (4.6x1¢ km?) using an areaveighted

mean. We calculate downward surface heat flux as the sum of sensible, latent, shortwave, and longwave heat
fluxes.Surface flux errors are estimated as the standard error ahthelly averagetimeseries for the

summed componentsllowing Li et al., (2021a).
2.4.6. Eddy Kinetic Energy and boundary topography

Eddy kinetic energy (EKE) was calculated from satellite ADT for the period of study using
O0 0 o 0 X

whered and0 are the highrequency components (1%ay highpass filtered) of thensmoothedurface
geostrophic velocity compontnalong the SPG boundary contour. The overbar denotes seageraing to

form climatologies.

Seabed slope angle was calculated from 3&acond GEBCO bathymetry on the native &&EBCO
compilation group 201%hen interpolated onto ~Km horizontal resolution rendition of the 1060depth

contour (derived from the same GEBCO data set). Agkot moving mean was applied along contour. Slope
is ascaledependent quantit atthe visual map scale a 4®@int running mean does not equate #380km

straight line moving average since dtrh scale the 100 contour is highly irregular.
3. Results
3.1 Hydrography

The g/clonic evolution of water properties around the closed SPG boundary is sh&ign 8 and &ull-depth
section across 4N is shown inFig. 4. These figures depict the annual average water properizspsal

anomalies are supplied in SupplensyiMaterialsS3.

In general, the density at a given depth level increases with progress along the 1000 m isobath. By the thermal
wind relation, the geostrophic shear is therefore typically negativén@reasing density in a cyclonic direction
driving export across the boundaryt from the interiox. Between the boundary stamtarthe Bay ofBiscay

and theFaroeShetland ChanneFSQ the water column is thermally stratifieshdthis controls the density
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distribution galinity changes only gradually with deptBetween 1000 and 2000 km (European Sh#i§,
along sectiordensitygradientat a fixed deptlis positive shallower than50dbarand is negative deeper than
750dbar. Thisis consistent with the expected density evolution of the adjacent slope current in this region
(Huthnance et al., 2022)he horizontaldensity gradientricreasest the entrance to the FS@etween here
and Icelanda persistent negativgeostrophic flowstrongest near the surfateassociated with thermally
drivenpositive density gradienBetweenlceland and Cape Farewell, further cooling, freshening and
densification occurthroughout the water columrnGeostrophic flow is largely out of ti8PGshallower than
500 dbar, and into the interior below 500 divle do not seghevery cold(< 3 °C) and dense (> 27.8 kgin
waterssuggestive ofthe Faroe Bank Channel overfloar the Denmark Strait Overflow (DS@j their expected
locationsalong the boundary (approximated900and 5000 km respectivelyohnson et al., 2017; Mastropole

et al., 201y. We return to tfs point anddiscuss theignificance of the overflowster in the manuscript.

CapeFarewell marks the beginning of a pronounced change to the water column strilgsteof Cape

Farewell (i.e. along West Greenland) there are positive geostrophicdksesiated with the introduction of a
cold, fresh low densitysurfacelayer shallower than 250 dbdrhis change in water properties mag

associated with offshore fluxes of freshwdtem the Greenland shelf into thebrador Sea interiarear Cape
Farewell(Lin et al., 2018)nd farther north where the WGx@comes unstabl&fatantoni, 2001; Prater, 2002
The positive geostrophic flow may alpartly result from the WGC moving into deeper water and thus crossing
our perimeter contour ithis region. There isalso a negative horizontal density gradient below 250 doir,

this is driven byanincrease in temperatuvégth progress around the gyrén the northwestern Labrador Sea,

the trend towards increasing density is resumed, thisditen by further cooling below 250 dbar.

Geostrophic flow in the norttvestern Labrador Seaiigto the SPG and is greatest at depthe influence of
thecold Labrador Current in theurface layesextends alonghe Newfoundland and Labrador shelf edge as far
as47°N. Horizontal density gradientsre very weak over thiggion consequently geostrophic flow is near
homogeneous with deptii.he boundary tracks the northern rim of the Flemish Cap before crossing the North
Atlantic at47° N. The LabradoCurrent is bisected here as it exits 8f2G The Gulf Stream is clearly visible

on the western side of@7°N transect as a narrorggion featuring rapid warming and salinificatidriving a
steep negativhorizontaldensity gradientThis is associated wita region ofvery strongoarotropicflow into

the interior and strong flow out of the interior immediately adjac@hermal wind results in a reduction of
current strength with depttEast of the Gulf Stream system, the zonal transect is largely characterised by

positive geostrophic flomorthward andveakening with depth.
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325  Figure 3: Gridded boundary product plotted by distance along the 1000 m contour travellingomhtivise
around the basinAnnual means showr(a) conservative temperatur€), (b) absolute salinity(g kg?), (c)
d e n s i, kgiy®), ([d)eostrophic velocitieacross the boundaryerpendicular tahe 1000m depthcontour
(cm s, positive into thenterior, negative out of thimterior, colour map intervals of 0.25 crmt with selected
contours shown)Densitycontoursrelevant to overturningrocesses (Figd) shown by black dashed lines

330 (c)and (d) The transition to the 47X section, and from gridded CTD to EN4 climatology data, is delineated
by thedashed white line. Key locations around boundary labelled. FSC: Fahatland Channel, southernmost
point of Iceland, RR: Reykjanes Ridge (southern tip), Cape Farewell, LS: Labrador Sea, Gulf Stream.
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Figure 4: Zonal (47° N) section constructed from EiNda and shown to full depth f¢a) conservative
temperaturgC), (b) absolute salinity (g k¢, (c) density (i Okgm?®), (d) geostrophic velocities into the SPG,
perpendicular to contour (cm*s Annual means showrThe sub1000m region in(d) delineated by cross
hatching is subject to a correction velocise€Supplementary Materials 36r detail§. The 1000 m vertical

threshold for transport calculations is delineated by dashed white line.
3.2 Transports perpendicular to boundary
3.2.1 Geostrophictransports above 1000 m

The depth integrategeostrophidransportacrosghe boundaryFig. 5a) is broadly out of th&PGin the FSC
and to the east of Icelanand to the west of the Gulf Stream. Inflow is dominated by northwarddtooss 47°
N (above 1000 minostly in the Gulf Streartt+20to 30 SV butalsoacross the width of the Atlantic. However,
within this there arstriking regional patterns of inflowrad outflow, and regions where there is only limited
flow across the boundanjlong the European continent there is outflow south of Ireland and then itdfltve
north perhaps a suggestion of cyclonic circulation dkierPorcupine Ban#t shallower depths. North of
Ireland some outflow is evidegrduggesting transport onto the Malin and Hebridean &baties et al., 2018
Jones et al., 202@orter et al., 2018Between Scotland and Icelandp to-12 Sv of outflow marks the exit of
the NAC over thdcelandScotland Ridge Around the Reykjanes Ridge the pattern of flow is consistent with
net westward crossdge flow quantified byPetitetal., (2018. Northward flow of Atlantic Watem the upper
layersthrough Denmark Strait is consistavith the findings oflonsson and Valdimarss{2012 andSemper

et al, (2022. Flow in the vicinity ofCape Farewell is notable for the large transports into thegSB&iated
with theEast Greenland Curre(EGC) and its retroflectiorf5.1 Sv,Holliday et al., 200ywhile outflow in the
north-eastern Labrador Sea is the result of a portion of the WGC exitirgPtéowards Davis Strait.
Approximately the same volume-emters the&SPGalong north Labradaosisa portion ofthe Labrador Current
which flows parallel to the boundary down the Labrador and Newfounglaglflandshelf edge (Lavender et
al., 2000). Note that it is not possible &xclude the boundary currents entirely from the SPG by choosing a
deeper boundary reference contour. A large portion of flow in the \A@&Q abrador Curremtccursoffshore

of the2000 misobath and the choice of a deeper contour has other drawbadliscassed in Section JAt
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