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Abstract

The meanstructure and time-dependen behavior of the shelfbreakjet alongthe south-
ern Beaufort Sea,and its ability to transport properties into the basin interior via eddies,
are explored using high resolution mooring data and an idealized numerical model. The
analysis focuseson springtime, when weakly strati ed winter-transformed Paci ¢ water is
being advected out of the Chukchi Sea. When winds are weak, the obsened jet is bottom
trapped with a low potertial vorticity core, has maximum mean velocities of O( 25 cm/s),
and an eastvard transport of 0.42 Sv. Despite the absenceof winds, the currernt is highly
time dependen, with relative vorticity and twisting vorticity often important componerts of
the Ertel potential vorticity. An idealizedprimitiv e equation model forced by dense,weakly
stratied waters owing o a shelf producesa meanmid-depth boundary currert similar in
structure to that obsened at the mooring site. The model boundary currert is also highly
variable, and producesnumerousstrong, small, anticyclonic eddiesthat transport the shelf
water into the basin interior. Analysis of the energyconversionterms in both the mooring
data and the numerical model indicatesthat the eddiesare formed via baroclinic instability
of the boundary currert. The structure of the eddiesin the basin interior compareswell
with obsenations from drifting ice platforms. The results suggestthat eddiesshedfrom the
shelfbreakjet cortribute signi cantly to the o shore ux of heat, salt, and other properties,
and are likely important for the vertilation of the halocline in the westernArctic Ocean. In-
teraction with an anticyclonic basin-scalecirculation, meart to simulate the Beaufort Gyre,
enhanceshe o shore transport of shelf water and results in a loss of masstransport from
the shelfbreakjet.

1 Intro duction

The cold halocline of the interior western Arctic Ocean provides a barrier between the
warmer, deeper waters of Atlantic origin and the seasurface,which is ice coveredfor most or
all of the year. If theseAtlantic waterswere ableto penetrateto the surface,there would be
enoughwarm water to melt the ice cover. This would of coursehave enormousimplications
for the ertire ecosystenof the Arctic aswell asfor air-seaexdangeand global climate. It is
now generally acceptedthat the halocline waters originate from the shelf regions(Aagaard
et al., 1981; Muend et al. 2000). Howewer, fundamertal aspects of this exdangeare not



well understood. For example,it is not clear wherethis exdangetakes place, when during
the yearit occurs,or by what physical medanismsit is accomplished.

One processthat may play a role in halocline vertilation is eddy generationfrom the
boundariesof the basin, wherethe most energeticcirculation exists (Aagaard and Carmad,
1994). The interior of the CanadaBasin is populated with small eddiesof O(20 km) diame-
ter. Measauremets from drifting ice platforms suggestthat the eddiesare overwhelmingly
anticyclonic (> 90%). Eddiesappear to be concetrated in the halocline (50-150m depth),
although both deeper (Manley and Hunkins, 1985;D'Asaro, 1988a)and shallover (Pickart
et al., 2005;Plueddemannand Krish eld, 2007;Timmermanset al. 2007) eddieshave been
obsened! Eddiesmay be either warm or cold relative to the surrounding water, although
cold-coreeddiesappearto dominate (Manley and Hunkins 1985). Measuremets taken from
drifting ice platforms suggestl1-2 eddiesare found every 100 km of drift (Hunkins, 1974;
Manley and Hunkins, 1985;Plueddemannand Krish eld, 2007),and it hasbeenestimated
that the basinis lled with 100-2000f these featuresat any one time (Plueddmann and
Krish eld, 2007).

Hydrographic data suggestthat the CanadaBasin eddiesare formedfrom distinct water
massesperhapsrelatedto the winter and summerwater masse®n the Chukchi shelf(Pickart
et al., 2005). The heat and salt transported seavard by the most commonly obsened eddies
arebelievedto befundamenal to the vertilation of the interior Arctic halocline (e.g. Muend
et al. 2000). Theseeddiesalsorepreseh a sourceof nutrients and zooplankton to the certral
basin(Llinas et al., 2007),and are potertially important for the o shelf ux of organiccarbon
(Mathis et al., 2007). That far fewer of the eddiesare found in the easternArctic suggests
a sourcein the westernbasin (Manley and Hunkins, 1985).

The ideathat anticyclonic eddiesobsened in the interior CanadaBasin originate from
hydrodynamic instabilities of the Alaskan Coastal Current in summerwas put forward by
Hunkins (1974), Hart and Killw orth (1976), and Manley and Hunkins (1985). Their results
are suggestie only, however, becausetheir linear stability analysiswas limited to very ide-
alized, one dimensional ow with vertical sheartypical of the boundary region. They did
not considera realistic structure of the boundary current or bottom topography, seasonali,
or nonlinearities, all of which may in uence the stability of the currert and o shore eddy

L1t should be noted that near-surfaceeddiesare di cult to detect from the historical ice camp data, so
there may be a bias in these measuremets.



ux. Moreover, the eddiesproducedfrom this current would be surface-iriensi ed and con-
tain warm water in their cores,and thus be unable to explain the sourceof the subsurface,

cold-corearticyclonesobsened so prevalertly in the interior.

D'Asaro (1988b) proposedthat anticyclonic vorticity generatedby a frictional sublayer
of the boundary current in Barrow Canyon might provide a meansto produce the near
zeropotential vorticity sometimesfound in the anticyclones,and that eddieswould be shed
wherethe topograply turns sharply to the right at the mouth of the canyon. Obsenations
do not showv sud strong shearnear the boundary (Meunchow and Carmad, 1997;Pickart et
al., 2005), and it is more likely that the low potential vorticity of the eddiesis due to the
convective origin of their water massesn the Chukchi Sea.

A seriesof papers by Chao and Shav has explored various meansof generating anti-
cyclonic Arctic eddies. Early papers shaved that localized regionsof buoyancy lossin the
interior can give rise to patchesof low potential vorticity water, which then adjust to form
anticyclone/cyclone pairs (Chao and Shaw, 1996,1998). Stressapplied to the upper-layer
cyclone(represeting iceinteraction) leadsto its decg, resulting in a mid-depth anticyclone.
Howewer, theseexperimerts require forcing on very small scales(deformation radius) and of
unrealistic strength in order to produce reasonablystrong eddies. More recerly, Chao and
Shawv have explored boundary current sourcesfor the eddies(Chao and Shav; 2002,2003a,
b). This seriesof papers provides a sourceof densewater on the shelf and adds various
e ects, sud asa strong o shore baroclinic currert (meart to represen the Beaufort gyre),
a cross-shelfux, a canyon, and an o shore undercurrent (meart to represenh the Beaufort
Undercurrert; Aagaard, 1984). Under various circumstances,small numbers of cold-core,
anti-cyclonic eddiesare formed in these simulations (e.g. eddiesassoicatedwith sinking
of densewater in Barrow Canyon, seeChao and Shav, 2003b). Howewer, these authors
have imposedan unrealistically strong westvard- o wing Beaufort Gyre along the boundary,
instead of the eastvard- o wing shelfbreakjet that is now known to exist.

Historical measuremets have revealedthat Paci c-origin waters o w alongthe southern
edgeof the CanadaBasin (e.g. Mountain et al., 1976;Aagaard, 1984). Recen obsenations,
including thosefrom the westernArctic Shelf-Basininteractions (SBI) program, have eluci-
dated this circulation. For example,it is now known that, in the absenceof strong winds, an
eastvard- owing boundary current exists along the edgeof both the Chukchi and Beaufort
Seas(Nikolopoulosand Pickart, 2007;Mathis et al., 2007;Llinas et al., 2007,seeFig. 1). It

3



is a narrow (order 10-15km) jet, trapped to the shelfbreak,with di erent seasonakton gu-

rations. It is comprisedlargely of water that erntered the Arctic through Bering Strait and
subsequetty readedthe shelfedgevia Herald Canyonin the west, and Barrow Canyon in the
east(Fig. 1). More is known about the Beaufort shelfbreakjet becauseof a high-resolution
mooring array that was maintained acrossthe current during SBI (see Nikolopoulos and
Pickart, 2007). There are three overall seasonalstates of the current. During summer it

is predominartly surface-itensi ed and advects Alaskan Coastal Water, i.e. it is the east-
ward extension of the Alaskan Coastal Current (seealso Mountain et al., 1976; Paquette
and Bourke, 1974). During fall and winter the current becomesbottom-trapp ed, but often
reverses( o ws westward) under strong easterly winds (Nikolopoulos and Pickart, 2007;LIi-

naset al., 2007). Then in spring, asthe winds wealen, the current advectsthe cold, dense
winter water formed the previouswinter in the Chukchi and Bering Seas(Weingartner et al,

1998; Muench et al., 1988). In this con guration the currert is bottom-trapp ed, with the
strongesteastvard o w in the vicinity of the shelfbreak.

In ead of the above con gurations the current is characterized by strong mesoscale
variability. Someof this is wind driven (especially in fall and winter dueto frequert storms,
Pickart et al., 2007), but someappearsto stem from internal instabilities of the current.
Using a collection of historical hydrographic sections,Pickart (2004) arguedthat the Beau-
fort shelfbreakjet should be baroclinically unstable. The obsened pattern of temperature
varianceis maximum at the o shore edgeof the boundary current at the depth of the upper
halocline, consistem with baroclinic instability. Furthermore, synoptic sectionsfrom SBI
have captured eddiesbeing spavned from the current alongthe Chukchi shelfedge(Pickart
et al., 2005; Mathis et al., 2007). These obsenations demonstratethat (1) eddiescan be
formed from the boundary currert over the steepshelfbreaktopograpty away from Herald
and Barrow Canyons; (2) the spatial scalesof the boundary current and eddiesis O(10 km);
and (3) there is a seasonakycle assaiated with the type of eddy that is formed from the
boundary currert.

In this study we use data from the SBI mooring array deployed acrossthe Beaufort
shelfbreakjet, obsenations of interior eddiesfrom drifting platforms, and an idealized nu-
merical model of the shelfbreakjet to investigatethe medanismsof eddy formation in the
western Arctic. We focuson the spring time period when the currert is advecting the cold-
est Chukchi/Bering winter water, and considerthe \free jet" casewhen there is no wind



forcing (in both the obsenations and in the model). The characteristics and dynamics of
this con guration of the boundary current are presetied rst using the SBI data. This is
followed by the model investigation which focuseson the dynamics of eddy formation and
the assaiated ux of massand propertiesinto the interior. Aspects of the model boundary
currernt, and the structure of the eddiesthat it forms, are comparedwith the mooring data
and with the interior ice station data.

2 Free-jet conguration of the Beaufort
shelfbreak current

2.1 Mo oring data calibration and pro cessing

From August 2002to Septenber 2004a high-resolutionmooring array was maintained across
the Beaufort shelfbreakand slope as part of the SBI program. The array was situated near
152 W, approximately 150 km east of Barrow Canyon (Fig. 1). It consistedof conductiv-
ity/temp erature/depth (CTD) pro lers to measurethe hydrography, and acoustic Doppler
currert pro lers (ADCPs) and acousticcurrent metersto measurevelocity. The moorings
were spaced3-5km apart on the upper part of the slope that sampledthe Paci ¢ componert

of the boundary current (Fig. 2, locationsBS2{BS6). This portion of the array provided four

synoptic vertical sectionsper day of the hydrographic and velocity structure of the boundary
current (each CTD sectiontook appraximately 45 minutes to occupy). The sectionswere
objectively gridded using Laplacian-Splineinterpolation onto a grid with 2 km spacingin

the horizontal and 5 m spacingin the vertical. The velocity data were de-tided using the

tidal consituerts obtained from the raw hourly ADCP data,? and an alongstreamdirection

was objectively de ned using the rst year of data (seeNikolopolous and Pickart, 2007).
The positive alongstreamdirection is 125 T, which is generallyalignedwith the topograpty

upstream (west) of the array. The positive cross-streamdirection is oriented o shore at

35T.

The pro ling CTD sensorsvere calibrated using stationary CTD sensordocated at the
basesof the moorings, together with shipboard CTD casts taken during the deployment
and recovery cruises. The stationary sensorswverethemselhescalibrated during the recovery

2The dominant tidal signalswere weak, lessthan 2 cm/s.



cruisesby attaching the sensorgo the shipboard CTD padkageand performing comparison
castsin deepwater. The calibration and processingproceduresare described in Fratantoni
et al. (2006). The accuracyof the sensorsvas estimatedto be .002 C for temperature and
better than .03 for salinity. Due to potertial ridging of the padc-ice, the top- oats of the
moorings were positionedto be at 40 m. Although the velocity pro les extendedshallover
than this, the vertical sectionswerelimited to the part of the domainwherethe hydrographic
and velocity measurmets overlapped, hencethe top 40 m are blank. This is not a problem
for the presen study sincethe boundary currert is bottom-intensi ed during the time period
of interest.

Sectionswere constructedof potential temperature ( ), potential density ( , referenced
to the seasurface), salinity (S), alongstream(u) and cross-stream(v) velocity, and the
di erent componerts of the Ertel potertial vorticity,
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wheref isthe (constart) Coriolis parameter(1.45x 10 4s 1), and  is the referencedensity

Q@

(1.028 x 10° kg m 3, calculated using the mean array data). The rst term on the right
hand side of (1) is the vertical stretching term, and the secondterm is the relative vorticit y.
Becausewe are working in a rotated coordinate systemaligned with the generaldirection
of the ow, the relative vorticity is dominated by the u, term. The third term is the tilting
vorticity (seeHall (1994)for a derivation of this term), which becomedamportant whenthe
isopycnals slope strongly acrossthe current (which happensin the Beaufort shelfbreakjet,
seebelow).

2.2 Seasonal water masses

As mertioned in the introduction, there are three main seasonakon gurations of the shelf-
break currert. The velocity structure of ead of thesestatesis preseted in Nikolopoulosand
Pickart (2007). The seasonatiming of the water massesan be seenin Fig. 3, which shavs
the temperature distribution nearthe certer of the current for the rst yearof data (site BS3
in Fig. 2). The warm Alaskan Coastal Water is clearly evidert in late-summer/early-fall of
2002,and againin July 2003(note that it arrived much earlierthe secondsummer). Another



notable aspect of the gure are the deep,warm \spikes" that are prevalert in late-fall (but
occur at various other times of the year as well). Theseare the signature of storm ewvens
when Atlantic Water is upwelled dueto strong easterlywinds (M enchow et al., 2006;Pickart
et al., 2007). Notably absen from Fig. 3 is a clear signature of the Chukchi/Bering Summer
Water, which is residert over the Chukchi Seain the late summer months (Coachman et
al., 1975). Howewer, in the secondyear of data this water was presei in signi cant amourt
in late-fall after the passageof the warm Alaskan Coastal Water (attesting to interannual
variability of the hydrographic structure of the currert).

The period that we are focusingon in this study is the time whenthe bulk of the coldest
Chukchi/Bering winter water o wed by the array. In 2003this occurred during the months
of April{June (Fig. 3) whenthe temperaturewas< -1.7 C, nearthe freezingpoint. Basedon

-S valuesand nutrient conceftrations, this is the samewater massthat often occupiesthe
certer of cold-coreanticyclonesobsened in the southernCanadaBasin (Muench et al., 2000;
Pickart et al., 2005;Llinas et al., 2007). Using our vertical sectionswe constructedtimeseries
of the propertiesof the winter water in the boundary current during this period by integrating
the areawithin the -1.7 C cortour for ead realization. The salinity of the winter water so
computedshows considerablevariation over the three-morth period, ranging between32 and
34 (Fig. 4a). This meansthat the boundary currert is capableof vertilating both the lower
and upper halocline. During the latter half of April the winter water was saltiest, with much
of it correspnding to the \cold, hypersalinemode" that Weingartner et al. (1998) obsened
in the Chukchi Sea. This implies that densepolynya water from the northeast Chukchi shelf
can end up in the shelfbreakboundary currert. From about mid-May onward the winter
water was signi cantly lessdense,and, accordingto Melling's (1998) de nition, was lighter
than the upper halocline of the CanadianBeaufort Sea(Fig. 4a). However, this density level
is within the lower part of the \summer Paci ¢ halocline” discussedoy Steeleet al. (2004).

The grey shadingin Fig. 4a represets the rangein salinity within the patch of water
colderthan -1.7 C for the collection of vertical sections. At times there is a wide range of
winter water presen (sometimesspanningthe entire halocline, e.g. in mid-April). This is
partly due to the amourt (cross-sectionalarea) of winter water cortained in the section,
which is plotted versustime in Fig. 4b. Note that there are times when greaterthan 50% of
the section(to 300m) is occupiedby the winter water, although after the rst weekof June
the amourt wasgenerallylessthan 5%. The overall messagdérom Fig. 4 is that, downstream



of Barrow Canyon, the boundary current advects the coldestwinter water sometimeafter
the conclusionof winter (this wastrue in the secondyear of data aswell), and that there
can be a signi cant rangein the density and amourt of winter water during a given year,
spanningmost of the halocline.

2.3 Structure and dynamics

It is our intent to investigate the variability of the boundary currert, and its ability to
form eddies,in the absenceof external forcing. While the winds over the Chukchi and
Beaufort Seasgenerallyweaken in spring, and the frequencyof storms decreasesthere are
still wind everts that disrupt the currert. Upwelling everts tend to reversethe currert, and
downwelling everts enhanceit. One can seein Fig. 3 that there were two strong upwelling
events during spring 2003 (one in April and one in May). In order to isolate the time
periods when the boundary currert was a free jet, we deweloped an objective procedurefor
identifying the wind ewernts. Essemially, an upwelling (downwelling) evert was identi ed
when the following criteria were met: (1) signi cant easterly (westerly) winds measuredat
the Pt. Barrow weather station; (2) the dominart o w throughout the sectionwaswestvard
(strongly eastvard); and (3) the averagenear-bottom salinity in the vicinity of the shelfbreak
readed a valuewell above (below) the meanmonthly value, dueto the up-slope (down-slope)
movemen of the water. We used salinity rather than temperature becauseit increases
monotonically with depth (during certain springtime storms cold water was upwelled). Note
that our wind Iter removesonly the synoptic weather ewerts, it is insensitive to the mean,
large-scalewinds that force the anticyclonic Beaufort Gyre circulation.

Using these criteria we identied 10 upwelling everts over the time period April to
June (not all of them strong) which were removed from our collection of sections(Fig. 4b
shavs theseewerts).® Sincethe hydrographic responseto the wind tendedto lag the current
response,it meart that somevelocity sectionswere removed even though the current was
o wing eastvard (shortly after the storm ended). In all, 161realizations,or 44%of the data,
were discarded over the three-morth period (there were no downwelling everts). This is
unfortunate, sinceamongother things it reducesthe con dence of the computed statistics,
but we are left with no choicein order to isolate the free jet. The well-behaved mean elds

SAn additional current reversal was removed in May despite the presenceof weak winds at the time.



and interpretable variability presemed belon gives us con dence that the remaining 203
realizations provide meaningful results.

Mean elds

The mean structure of the free jet is shovn in Fig. 5. The presenceof the cold winter
water is evidert at the shelfbreak(Fig. 5a), coincident with an eastvard velocity maximum
exceeding20 cm/s (Fig. 5b). The meantemperature structure over this time period is quite
di erent from the year-longmeansectiondue to the absenceof the Atlantic Water in uence
near the shelfbreak(sincethe upwelling storms have beenremoved). The velocity structure
is di erent aswell: the meanunforcedjet is 75% stronger than the year-longaverage ow,
and the free-jet doesnot have the deeptail that forms during the winter storm season(see
Nikolopoulos and Pickart, 2007). The transport of the free jet over the three-morth period
is0.42Sv (1 Sv= 10°m3 s 1). This is three times larger than the year-longaveragePaci c
water transport of 0.14 Sv (Nikolopoulosand Pickart, 2007).

The potertial vorticity structure of the boundary current provides important insights
regardingthe dynamicsof the ow. For most large-scaleoceancurrens (and even for many
energeticcurrens), the stretching vorticity is the dominart term in . Becauseof the small
spatial scalesof the high-latitude Beaufort shelfbreakjet, howewer, one might expect the
other two terms to play an important role in the space-timeewlution of the current. Fig. 5¢
shows the ratio of the relative vorticity to the stretching vorticity for the mean free jet
(sameas TUy=f). One seesthe enhancedcyclonic (anti-cyclonic) vorticity on the seavard
(shorevard) side of the jet|although for the meancurrert the valuesare relatively small.
The stretching vorticity (Fig. 5d) shovs a pronouncedminimum at the shelfbreakassaiated
with the weakly strati ed winter water, which was likely formed via convective overturning
in the Chukchi Sea. Note the spreadingof the 26.2 and 26.6 isopcynals, which bound the
meanwinter water, asthey progressonshore(Fig. 5a). The thermal wind shearassaiated
with this isopycnal spreadingdictates the vertical extert of the current, and also givesrise
to the two regionsof enhancedtilting vorticity above and below the jet (Fig. 5e; note that,
for a geostrophic ow, the tilting vorticity is a negative-de nite quartity, displayed here as
the ratio betweenthe tilting and stretching terms). In the mean, the tilting term is also
fairly small (comparableto the relative vorticity).



The averagetotal Ertel potertial vorticity is shovn in Fig. 5f. For the meanjet it is
gualitativ ely similar to the stretching vorticity. The distribution of showsa very important
feature of the Beaufort shelfbreakjet; namely that the cross-streamgradiert of potential
vorticity changessignwith depth. At the depth level of the jet core increase® shore, from
the low valuesin the winter water to the higher valuesof the ambient interior water. Below
the jet core, the halocline is compressediue to the presenceof the winter water pycnostad
(note the 27 and 27.2 isopycnals in Fig. 5a), which results in a region of high potenrtial
vorticity adjacer to the slope near 180 m. This compressionessens shore of the winter
water, resulting in a decreaseof at this depth level. Sud a changein the signof  isa
necessarycondition for baroclinic instability of the current, which, as seenbelow, appears
to leadto eddy formation.

Temporal variability

Despitethe well-behared mean elds in Fig. 5, the unforcedjet is highly variable in time.
This is seen.for example,in Fig. 4b, which shows that the amourt of winter water measured
by the array changesconsiderablyindependen of the wind, on a variety of timescales.To
demonstratethis we preser a synoptic snapshotof the currert in late-April, whentherewasa
largeamourt of winter water presen (Fig. 6). Comparingthis to the meanstate (Fig. 5), one
seedhat, instantaneously the boundary current can have a signi cantly di erent structure.
In this realization the newly-vertilated winter water (colder than -1.75 C) occupiesa large
part of the slope, and the ispocynalsbeneaththe pycnostaddescenddownward very sharply
(Fig. 6a). The assaiated thermal wind shearis strong enoughto reversethe jet near the
bottom (Fig. 6b). The eastvard- owing portion of the jet is > 50 cm/s, with a relative
vorticity that exceeds4f (Fig. 6¢). While the stretching vorticity (Fig. 6d) shavs the same
feature asthe meanli.e. aregionof low vorticity assaiated with the uniform winter water
(100-150m)|it  alsocortains low valuesfarther o shore wherethe isopycnals descend150-
200 m). The isopycnal slope is in fact so steephere that the tilting vorticity exceedsthe
stretching vorticity (Fig. 6e). Combined with the negatiwe relative vorticity assaiated with
the deep reversal of the jet, this results in a region of negative Ertel potential vorticity
(Fig. 6f, nearx=30-35 km). It is clear, therefore,that all three terms of canbe important
synoptically in the Beaufort shelfbreakcurrert.

How often is this the case?To answver this we createdvertical sectionsof the ratio Ry,

de ned asthe sum of the relative plus tilting vorticity divided by the stretching vorticity.
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As mertioned earlier, for large-scaleows jR,,j 1, and it is small for the meanfree-jet of
Fig. 5. Howewer, basedon Fig. 6 we expect that instantaneouslyR, will be signi cant. For
ead realization we determined the positive and negative extrema of Ry, and where these
valuesoccuredin the vertical plane. Note that negative valuesof Ry, canresult from both
the tilting voticity and anti-cyclonic relative vorticity, whereaspositive valuesare due only
to cyclonic relative vorticit y.

Fig. 7ashowvsa histogramof the extremaof Ry, for the three-morth period. The positive
valuesare sharply pealed, with only 3% of the realizationscortaining Ry, >.5. By cortrast,
the negative valuesare broadly distributed over a large range, and more than 70% of the
realizations cortained Ry, <-.5. As seenin the example above (Fig. 6), the de ection of
isopycnalsdueto the winter water can be large enoughto make the total potential vorticity
negative, and Fig. 7aindicatesthat this happened(i.e. Ry, < -1) a third of the time during
the spring of 2003. Fig. 7b shavs wherethe extremevaluesof R, occurredin relation to the
meanjet. Consistert with the meansection(Fig. 5), the largest positive valuesoccurred on
the seavard side of the jet. There is, howewer, a secondcluster of large positive valueswell
o shore (near x=33 km). Thesecorresmpnd to periods whenat leasta portion of the jet was
detadhed, or eddieswerepassingby the array. The negative valuesof R, occurin two general
clusters,assaiated with the upward and downward de ection of isopycnals surrounding the
winter water pycnostad (this is also consisteth with the mean section). Interestingly, the
largest negative values occur below the jetjwhic h has strong rami cations for the eddy
buoyancy ux and energeticsof the curren, asdiscussedater in the paper.

3 An idealized model of eddy formation and ventila-
tion

The obsenations presetted above have motivated us to considerthe ability of a mid-depth
boundary currernt of low potential vorticity water (the Chukchi/Bering winter water) to
verilate the western Arctic halocline through the formation of anticyclonic eddies. The
presenceof these eddiesnear the boundary current, in regionsaway from the two canyon
out o ws, suggestdhat they are formed all alongthe boundary, and that the topograpty as-
scciated with the canyons may be of secondorder importance. Our objectivesin deweloping
the model are to explorethe e ciency of eddy formation from sud a boundary current, to
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comparethe mean structure and variability of the boundary current and eddiesto obser-
vations, and to assesghe ability of this eddy formation medanism to play an important
role in the vertilation of the western Arctic halocline. Our approad is very idealized, al-
lowing for a determination of the sensitivity of the eddy formations to both physical and
numerical parameters. Howe\er, the certral calculationsare carried out in a parameterspace
represenativ e of the obsened circulation alongthe shelfbreakof the Chukchi and Beaufort
Seas.

3.1 Mo del con guration

The numerical model usedis the MIT generalccirculation model (Marshall et al. 1997).
This model solves the hydrostatic, primitive equationson a uniform Cartesian, staggered
C-grid with level vertical coordinates. A partial cell treatment of the bottom topograply is
accuratefor steeptopograply in the presenceof strati cation, expectedto be important for
the presen problem.

The model domain consistsof a narrow island with sloping topograplhy extending into
deepwater, and a shelfregion 70 m deepat the westernend of the island* (SeeFig. 8). The
topography slopeslinearly from 70 m depth to the maximum model depth of 450 m over a
horizontal length scaleof 19 km, giving a slope of s = 0:02 (this will be variedin Section4.3).
Areas of land are indicated by black. The horizortal resolutionis 1 km and there are 27
levelsin the vertical with spacing10 m between0 and 220 m depth and ranging from 30 m
to 50m between220m and 450m. Sincewe areinterestedin the boundary currert structure
and eddiesthat exist within the halocline, the model domainis limited to the upper ocean.
The initial strati cation for temperature and salinity are uniform and taken from the May
monthly meanPHC3.0 climatology (updated from Steeleet al. 2001)at 150 W, 74 N.

The model incorporates secondorder vertical viscosily and di usivit y with coe cien ts
10 ® m? s 1. The vertical diusion is increasedto 1000m? s * for statically unstable con-
ditions in order to represem vertical corvection. Horizontal viscosily is parameterizedas a
secondorder operator with the coe cient Ay, determinedby a Smagorinsky(1963) closure
as

4Although all calculations here are on an f-plane, we refer to the direction increasingtowards deepwater
asnorth and the direction along the island towards the right as east.
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An = (5= )’L?D: (2)

s iIs a nondimensionalcoe cient taken to be 1 here, L is the grid spacing,and D is the

deformation rate, de ned as

h I 1=0
D= (ux Vy)2 + (uy + Vy)? 3)

whereu and v are the resoled horizortal velocities and subscriptsindicate partial di eren-
tiation. For a deformation rate is typically dominated by the lateral shear,which can vary
from O(10 5 s 1) for eddiesin the interior to O(10 4 s 1) for the no-slip shearlayer between
the shelfbreakjet and the boundary. For the grid spacingof 1 km, this gives a range of
lateral viscosily betweenl 10m?s 1.

The model is forced by generatingdensewater over a 100 km portion of the shelf in
the western part of the domain (region of grey shadingin Fig. 8) and advecting this wa-
ter towards the shelfbreak. The water massproperties (temperature and salinity) and a
barotropic northward o w are forcedthrough the addition of restoring terms to the temper-
ature, salinity, and meridional momerium equations. The restoring time scaleis one hour
and is applied only within the gray shadedregion. Salinity is restoredtowards 30.5, 31.25,
32.0,32.5,32.5,32.5,32.5 over the 7 model levels over the shelf. Temperature is restored
towards 1:8 C, andthe meridional velocity towards 7:5cm's ! for the 70 m shelfdepth. In
addition, the model temperature and salinity are restoredtowards the initial climatological
strati cation within 50 km of the easternand northern boundariesof the domain with a
time scaleof 5 days. This supressedaroclinic Kelvin wavesthat are generatedwhere the
densewaters interact with the solid boundary at the easternand westernendsof the island
and prohibits thesewavesfrom returning to the shelfregionand contaminating the intended
out o w. The model calculatesdensity from a linear equation of state as

= ot (S S) T 4

where = 0.8 Kg m 3and = 0:.04Kg m 3 C ! are the haline and thermal expansion
coe cients and (= 10265 Kg m 3 is areferencedensity and S, = 325 a referencesalinity.
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The model formulation is intendedto represemn the eastvard o w of Paci c-origin winter
water alongthe shelfbreakof the Chukchi and Beaufort Seas.The data describedin Section2
and in Pickart et al. (2005) suggestthat eddiesare formed all along the shelfbreakand are
not con ned only to the areasin the vicinity of Herald and Barrow Canyons. Although some
previousmodeling studieshave consideredhe o w in the vicinity of sud canyons(e.g. Chao
and Shav 2003b;D'Asaro 1988a),the focusof this study is on the stability of the boundary
current away from theserelatively small scaletopographicfeatures.

There are se\eral advantagesto this formulation. The northward transport is provided
by water owing anticyclonically around the island, and thus avoids the need for open
boundary conditions. In addition, the structure of the boundary currernt is not specied
but instead dewelopsnaturally aspart of the solution. The stability of the boundary current
is very sensitive to its potertial vorticity structure and we wanted to avoid specifying this
asan initial condition sincethis would directly cortrol the outcomeof the simulation. This
approad also provides a cortinual sourceof kinetic and potertial energyfor the boundary
current and thus avoids the spin-davn that is inherert in periodic domain calculations of
unstable currerts. This idealized approat also allows us to explore the sensitivity of the
eddy formation processto ervironmertal parameterssud asthe bottom slope and physical
processesud asice-induceddrag and lateral friction.

The Arctic Oceanis ice covered for much of the year near its margins, and year-round
in the interior. It has beenspeculatedthat drag induced by the ice cover is important for
the long-term ewlution of eddiesin the Arctic interior (Chao and Shaw, 1996;0u 1986). In
order to represen this stress,a quadratic drag law hasbeenapplied to the uppermostmodel
level with coe cient Cp, = 2 10 4. This givesa spin-davn time scaleof = H=CpU?
which, for a thicknessof H = 50 m and a horizortal velocity of U = 10 cm s 1, gives

25 days. This will dampen near-surfacevelocities on the order of the boundary current
strength fairly quickly comparedto the estimated life time of the eddiesin the absenceof
ice (note that this damping will have little impact on the anticyclonic eddiescertered near
100 m depth).

The model is run for a period of 180days. It takesabout 40 days for the out o w from
the model shelfto read the easternend of the island. The analysisin this sectionwill focus
on the meanand eddy variability of this certral calculation, while the dynamical processes
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involved in the eddy formation and its sensitivity to model con guration and parameters
will be discussedn the following section.

3.2 Mean boundary current

The vertical structure of the mean boundary currert is shovn in Fig. 9, averagedover the
nal 100 days of integration and between 100 km and 700 km longitude. The zonal ow
is sub-surfaceintensi ed with a maximum mean velocity of O(25 cm s ). The maximum
velocity is located se\eral kilometers o shore of the sloping bottom, re ecting the no-slip
lateral boundary conditions in the model. The net eastvard transport is 0.37 Sv, similar
to the meantransport of 0.42 Sv calculatedfrom the mooring array during periods of weak
winds.

The salinity within the eastvard o wing boundary currert is nearly uniform with avalue
closeto 32.5,the sameasthe waters advectedo the shelfat the westernend of the island.
The shallow isohalinesslope upward towards the boundary, consistem with the mooring data
presered above and with climatological obsenations (Pickart 2004). The deepisohalines
slope downward towards the boundary, the spreadingresulting from the low potertial vortic-
ity in the coreof the shelfbreakjet. Thermal wind balancesthe eastwvard o wing, mid-depth
maximum boundary currert. The Ertel potential vorticity (1) is shavn in Fig. 9b. Because
of the very weakstrati cation on the shelfwherethe boundary current watersoriginated, the
boundary current water haspotertial vorticity closeto zero. There is a band of high poten-
tial vorticity in the upper 50 m over the jet, which results from the outcropping isopycnals
and enhancedstrati cation. There is alsoa region of enhancedpotertial vorticity near 200
m depth, wherethe downward slopingisopycnalsintersectthe bottom. This generalpattern
is consistem with the mooring data (Fig. 5). The lateral gradiert of potential vorticity is
positive at mid-depth and negative in both the upper and lower boundary curren, consisten
with the mooring data and suggestie of baroclinic instability. There is a weak minimum
of potential vorticity in the basininterior at approximately 120m depth, closeto the depth
of the low potential vorticity boundary current water. This minimum is found in the PHC
climatology, and is perhapsre ectiv e of the transport of weakly strati ed shelf-originwaters
o shore.
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3.3 Ventilation by anticyclonic eddies

As time progressedn the model simulation, the boundary current becomesunstable and
shedshumerousmid-depth, anticyclonic, low potertial vorticity eddiesinto the basininterior.
After 24 days, the low potential vorticity waters have penetrated500-600km eastvardsalong
the sloping bottom (SeeFig. 10a). A seriesof meandershas deweloped and, in somecases,
narrow laments of low water are extendinginto the interior. The relative vorticity within
these laments is anticyclonic and the relative vorticity betweenthe laments is cyclonic.
The initial meander dewvelopmert is characterized by a dipole pair, or heton (Hogg and
Stommel 1985), with a mid-depth anticyclone and a shallov cycloneslightly o set in the
upstream direction. The cyclonesare composedof ambient waters from the interior, and
thus do not cortain an anomalouspotential vorticity or tracer signal. They are most evidert
in the pressureand velocity eld, although laments of low boundary current water often
get wrapped around their perimetersduring the formation processmaking them identi able
in the tracer eld aswell. This con guration is typical of what is found for unstable currernts
(Pedlosky 1985; Spall, 1995;Bush et al. 1996; Shimadaand Kubokawa, 1997) and is very
e ective at transporting tracers away from the front. After 180days (Fig. 10b), the model
has formed numerouslow , anticyclonic eddiesthat have propagatedwell into the basin
interior. They are formed all along the boundary, beginning just downstream from the
shelf region where the model is forced. The eddiesvary in size but are typically 30 km in
diameterwith coresof nearly uniform, very low potential vorticity. The upper oceancyclonic
partners that had originally formed along with these mid-depth anticyclones have decayed
as a result of the quadratic drag applied to the surfacelayer, parameterizingstressinduced
by interactions with the ice (consistert with the results of Chao and Shav, 1996).

A vertical sectionon day 180through the low eddy located near 400 km longitude
and 160 km latitude is shavn in Fig. 11. This eddy was formed around day 60, propagated
as far north as latitude 300 km, and then moved badck towards the shelf. The velocity is
anticyclonic throughout the upper 300 m with maximum velocities of O(20 cm s ). The
salinity shows the weak strati cation in the core of the eddy, with a doming of isohalines
above and a deepening of isohalinesbelow the coreof the eddy The potertial vorticity eld
re ects this low core. Note that the anomalouspotertial vorticity signalis con ned to the
density rangeof the anomaloussourcewaters, located between90m and 150m. The velocity
signal extendsover a larger range of the water column becausethe waters both above and
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below the low core of the eddy are compressedas the weakly strati ed core of the eddy
passedy. This compressiorof the water column forcesan articyclonic circulation in order
to consene potertial vorticity (Spall, 1995).

Fig. 11cshawstangertial velocity vs. radius at a depth of 115m for the eddy shown in
the vertical slicein Fig. 11a,b. The tangertial velocities at eady model grid point areindicated
by the black symbols, and the white line is a cubic spline t to the model data points. The
velocity has beenscaledby the maximum of the spline t prole (Vmax = 19cms 1) and
radius has beenscaledby the radius of this maximum tangertial velocity (Rmax = 12 km
whereV = Vn,ax). The degreeto which the eddy is radially symmetric is evidernt in the
scatter of the individual model grid points. The eddy core(r < Rnax) shows relatively less
scatter and is consistem with solid-body rotation. The region of velocity decay (r > Rpax)
shows increasingvariability with increasingdistancefrom the eddy certer.

The velocity magnitude and radial structure of the model eddy are consistem with
that obsened from drifting platforms. Direct current obsenations reported by Manley and
Hunkins (1985)indicate valuesof Vjax from 30- 50cm/s. D'Asaro (1988b)reports Vinax from
10 - 30 cm/s for three di erent halocline anticyclones, Plueddemannand Krish eld (2007)
report statistics from 29 eddy encourters where the mean V,ox was 24 cm/s. Thus, the
strength of the model eddy (Vinax =19 cm/s) is represetativ e of, although perhapsslightly
wealer than, the typical obsened eddy The model produceseddiesthat rangein radius
from approximately 5 km to 20 km, but all shav a similar velocity pro le when scaledthe

sameway.

Despite many Arctic eddy obsenations, reports of tangertial velocity vs. eddy radius,
passingfrom nearthe eddy certer through the radius of maximum velocity, arerelativley rare.
Whereradial structure hasbeenreported (Newton et al., 1974,D'Asaro, 1988b,Timmermans
et al., 2007) it is consistet with a solid-body core and a deca region of about 1.5 times
Rmax - Obsenations from ADCPs on ice-tethered drifters (Plueddemannand Krish eld,
2007)were usedto produce a normalizedradial structure to comparewith the model eddy.
Velocity data from 29 eddy encourers that clearly passedinto the solid-body core were
rotated into radial and tangertial componerts using an estimated eddy certer, and a third
orderpolynomial t wasmadeassumingV = Oat R = 0. Tangerial velocity and radius from
the ts werethen scaledin the samemanner as described above for the model eddy. The

averageof the normalizedradial structure from the polynomial ts is shovn in Fig. 11c,and
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comparesvery well with the radial averagestructure of the model eddy The obsenations
indicate a self-similar structure for the 29 eddies,typical valuesin strength of 20to 35cm/s
and in sizefrom 2 to 9 km. Although the model eddiesare somewhatlarger and wealer, the

good agreemenh in normalizedradial structure with the obsenations is encouraging.

The anticyclonic eddiesin the model transport waters that originated on the shelfinto
the basininterior. This is evidert from the salinity and potertial vorticity signalsin the core
of the eddies. A passie tracer has beenaddedto the calculation in order to quartify the
o shore transport by the eddies. This tracer is advectedand di used in the sameway asare
temperature and salinity, but is initialized at zerothroughout the domain and maintained
at a value of 1 within the forcing region on the shelf. A plan view of the tracer on day
180 at depth 115 m is shavn in Fig. 12. The tracer clearly marks the location of the
boundary currert and core of the o shore eddies. The o shore ux of boundary current
water, normalizedby the ux o the shelf,is quartied by integrating the tracer ux as

Ry R
c = ol V(Yo To(Yo) dz dx

F\XSF\

0 oH V(Ys) Tp(ys) dz dx

(5)

where T, is the passiwe tracer, H is the bottom depth, v is the meridional velocity, X =

700km is the zonal extert of the integral for the o shore ux, Xs = 100km is the western
end of the shelfregion, ys = 60 km is the northern limit of the island, and y, = 110 km
is the latitude wherethe o shore ux is calculated. A similar calculation is applied along
a meridional sectionat x = X betweeny = ys andy = y, to calculate the amourt of
tracer that is carried out of the regionin the boundary current. The o shore and eastern
locations of the ux calculation are indicated on Fig. 12 by the white lines. The o shore
and alongshore uxes are shovn in Fig. 13 asa function of time. The o shore ux averaged
between day 80 and day 180is 53% of the ux o the shelf (indicated by the bold line).

The ux is always o shore, but is characterizedby strong, high frequencyewens resulting
from individual eddy formations. The averageof the sum of the alongshore ux and the
o shore ux accours for 93% of the ux o the shelfover this sametime period, sothere
is little temporal storagewithin the integration cortour on thesetime scalesalthough there
can be signi cant storageon synoptic time scales. The o shore and alongshore uxes are
also generally out of phase,indicating that the o shore ux occursat the expenseof the
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alongshore ux, ewven on synoptic time scales.Thus, the eddiesare capableof transporting
a signi cant amourt of the shelfwater into the basin interior.

4 Discussion

The standard model con guration presetted above dewelopsa mid-depth, low potenrtial vor-
ticity boundary current that readily forms articyclonic eddieswhich vertilate the interior
with shelfwater. The meanstructure of the model boundary currert compareswell with the
free-jetcon guration of the Beaufort shelfbreakjet obtained from the mooring data, and the
eddiesthat it spavns have similar structure to thoseobsened in the southernCanadaBasin
from drifting platforms. In this section,the medanismsof the boundary currert instability,
its impact on the large-scalecirculation and boundary current transports, and its sensitivity
to model parametersare explored.

4.1 energetics

Model boundary current

The sourceof the boundary current instability is indicated by the terms that convert
meanenergyinto eddy energy The corversionfrom meanpotential energyinto eddy energy
is often related to baroclinic instability and is given by

BC= g v %=, (6)

wherean overbarindicatesthe time mean,the primesindicate deviationsfrom the time mean,
and = @=@ isthe meanisopycnal slope,and j is a referencedensity. Potertial energyis
extracted from the mean o w by eddiestransporting density down the meandensity gradiert.

The cross-streameddy density ux VO 0 calculatedover the nal 100days of integration and
then averagedbetween100km and 700km is shavn in Fig. 14a, superimposedon the mean
density eld. Thereis a positive density ux in the upper 100 m beginning on the o shore
side of the mean boundary current and extending into the basin interior. Beneath this,

deeper than 100 m, is a similar negative eddy density ux. This is the signal of eddies
transporting water of shelforigin o shore into the strati ed interior. The weakdeca of the
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eddy density ux o shore of the maximum is a result of the eddiesremaining as coheren
featuresthat transport temperature and salinity into the interior.

The B C energyconversioncalculatedusing this eddy density ux andthe meandensity
eld is showvn in Fig. 14b. A positive value indicatesthat energyis being extracted from the
mean by the growing eddies. The primary regionsof energycorversion are certered on the
slopingisopycnals near 50 m and 150 m depth on the o shore side of the boundary curren,
i.e. wherethe isopycnals spreaddue to the shelfwater pycnostadon the slope (Fig. 9b). It
is important to note that the energyconversionis limited to the region of slopingisopycnals
even though the eddy density ux cortinuesfar o shore.

The corversion from mean kinetic energy into eddy energy is related to barotropic
instability and is given by

BT = v, 7)

where U is the time mean zonal velocity. Kinetic energyis extracted from the mean ow
by eddiestransporting zonal momertum down the mean velocity gradiert. The eddy mo-
mertum ux vUOcalculatedover the nal 100days and then averagedbetween100km and
700 km is showvn in Fig. 14c. The maximum signal is certered near 100 m depth and ex-
tends appraximately 20 km o shore. The senseof the eddy momertum ux is sud that

zonal momertum is transported o shore, leadingto an o shore shift in the location of the

boundary currernt. This is consistem with the o shore shift of the depth integrated transport

streamfunctionasthe ow moveseastvard alongthe island (discussedbelow). The changein

zonalmomertum that would result from this magnitude of eddy momertum ux divergence,
over the zonal extert of the island with mean boundary currert strength of 10cm s 1, is
O(10 cm s 1). This would causethe mean ow onshoreof the maximum eddy momertum

ux to decreasedy this amourt and the mean ow o shore of the location of the maximum

to increaseby this amourt, again consistetn with the o shore shift found in the model.

Unlikethe eddydensity ux, which deca/sonly weakly o shore of its maximum (Fig. 14a),
the eddy momertum ux decreasesapidly in the meridional direction, resulting in weakly
negative momerium ux o shore of the mean boundary current location (Fig. 14c). This
meansthat while salinity (and other tracers) are carried far from the boundary by the eddies,
momertum is not. Hence,the volume transport of the boundary current remainsessetially
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trapped near the boundary, even asthe tracers originally within the currert are carried far
o shore. Due to the symmetry of the eddies,it is clear that they can not transport mo-
mertum but, dueto the antisymmetry in density of the baroclinic eddy pairs, they are very
e ective at transporting density. The eddiesare only able to transport momertum during
their growth phase,not after they have separatedfrom the mean current, which explains
why the currernt remainscloseto the boundary.

The energycornversionfrom the meankinetic energyto eddy energyis shavn in Fig. 14d.
The currert is alsobarotropically unstablewith the main regionof energycorversionnearthe
coreof the boundary current at the depth of wealest strati cation. Thereis alsoa region of
weak energyconversionnearthe surface. The senseof the mid-depth corversionis to extract
energyfrom the mean, although the integrated conversion over the ertire sectionis about
an order of magnitude lessthan the integrated baroclinic corversionterm. Therefore, the
instability of the model boundary currert is most aptly descrited asa baroclinic instability.

Measured boundary current

The eddy uxes of density and momertum, and the baroclinic and barotropic conversion
terms, were also calculated from the mooring data. The mooring array doesnot extend as
far o shore or as shallowv in the water column, but the measuremets do cover the core of
the jet and allow for somecomparisonswith the energeticsin the model. (The approximate
region where the data and model overlap is indicated by the white linesin Fig. 14.) As in
the model, the obsened eddy density ux is positive in the upper portion of the shelfbreak
jet and negative in the lower portion, although the zero-lineis tilted upwards towards the
boundary in the data whereasthe transition from positive to negatiwe is at the mid-depth of
the model jet (Fig. 15a). The magnitide of the ux calculatedfrom the data is similar to that
producedin the model. The obsened baroclinic conversionterm is strongly positive beneath
the jet wherethe isopycnals slope downward (near 150m, Fig. 15b). This is consistem with
the model alsoand indicatescornversionfrom meanpotertial energyinto eddy energy There
is, howewer, a secondarea of strong baroclinic corversionin the model above the jet where
the isopycnals slope upward (near 60 m depth), which is di cult to resole conclusiely in
the obsenations (although the measuredcorversion does becomepositive again at these
depths, and data shallowver than 40 m are not available).
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The obsened eddy momerium ux is mostly positive in the upper 150 m with the
maximum locatedat the o shore limit of the array, appraximately 20 km from the shelfbreak.
The magnitudeis similar to that found in the model, although the maximum in the model is
located closerto the topography. The data alsoshow a strong negative eddy momertum ux
below the meanjet, certered at 230 m in a region of weak mean horizontal velocity shear.
While the momertum ux in the model is negative at this depth aswell, the value is close
to zero. Both the data and model have positive barotropic corversion of similar magnitude
near the depth of the jet (details of the distribution vary), indicating energytransfer from
the meanKkinetic energyto eddy energy Integrating over the ertire section, the obsened
baroclinic corversionis an order of magnitude larger than the barotropic conversion, which
wasthe casein the model aswell. Overall then, despitesomedetailed di erencesbetweenthe
model and data, the generalpatterns and strengthsof the eddy uxes and energycorversion
are comparable. This strongly supports the conclusionthat the anticyclonesobsened in the
interior of the southern CanadaBasin originate from the shelfbreakjet, and that they are

formed primarily by baroclinic instability all alongthe boundary.

4.2 mean transp ort streamfunction

The meandepth integrated transport streamfunction over the nal 100 days of integration
is shavn in Fig. 16a. The circulation is dominated by an eastvard o w alongthe north side
of the island and a cyclonic circulation over much of the interior. The circulation around the
island is initiated by the northward ow o the shelfbetweenO and 100 km longitude. As
this densewater o ws over deeper topograply, the in uence of rotation de ects the current
towards the right, alongthe sloping bottom. As menioned earlier, the total transport o
the shelfis approximately 0.37 Sv. The o -shelf transport is indicated in Fig. 16a by the
black cortours originating on the shelf and turning sharply to the right west of 100 km
longitude. This ow remainscloseto the boundary, although it movestowards deeper water
and broadensslightly asit o ws eastvard along the sloping bottom. This is consisten with
the divergenceof the eddy momerium ux discussedabove. The circulation just o shore
of the boundary current is primarily cyclonic and of basin scalein the zonal direction. The
circulation farther in the interior is both cyclonic (most of the domain) and anticyclonic
(around the isolated eddy near 100 km longitude and 150 km longitude).
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The year-longeastvard transport of the Beaufort shelfbreakjet at the array site (Fig. 1)
is 0.14Sv (Nikolopoulosand Pickart, 2007). This is lessthan 20%of the long-term transport
of Paci ¢ water through Bering Strait (0.8 Sv, Road et al, 1995), and suggestshat most
of the Paci c water entering the Arctic doesnot end up in the boundary current east of
Barrow Canyon. Even consideringperiods of weak winds in spring, the focus of this paper,
the along-shelftransport is still only O(50%) of the Bering Strait transport. As descriked
above, our certral model calculation shows a slight o shore shift of the eastvard boundary
current transport, but actually producesan enhancedeastvard transport comparedto what
ows o the shelf. This would seemto be at odds with the mooring data. To investigate
this, an additional calculation was carried out in which a wind stresswith anticyclonic curl
was applied to the basininterior, de ned as

= ocof (Y Ys)=Yn V¥s) (8)

where o = 0:005N m 2 andy, is the northern latitude of the domain. This magnitude
of wind stresswas chosento give a mean wind-driven circulation in the basin interior of
O( 4cms 1), consistem with the strength of the anticyclonic Beaufort Gyre (Plueddemann
et al. 1998). The vorticity input by the wind is dissipatedthrough quadratic bottom friction
with coecient Cp = 10 3. This does not signi cantly in uence the boundary current
structure or eddy formations, but is necessaryor balancingthe vorticity input by the wind.

The meantransport streamfunctionfor this wind-driven calculationis shovn in Fig. 16b.
The interior circulation is now articyclonic, asexpectedfrom the wind forcing. Howe\er, the
transport near the sloping topograpty is now eastvards only over the shallov topography.
As the boundary current water is shifted o shore dueto the eddymomerium ux, it becomes
ertrained into the westvard o wing wind-driven gyre. The gyreis su cien tly strong that it
is ableto reversethe direction of ow, andwith it carry the boundary current water towards
the westernbasin. This is evidert by the black cortours marking the shelfwater transport in
Fig. 16b. By appraximately 600 km longitude, essetially all of the shelfbreakjet transport
has beenlost to the basininterior. Hence,the slight o shore diversion of the shelfbreakjet
driven by the eddy uxes, interacting with the interior wind-driven gyre, resultsin a major
transport loss of the boundary current. The region of easward, eddy-driven, ow in the
southern interior (Fig. 16a) is also competing with the westward wind-driven ow so that

23



there is a broad region of only weak mean ow o shore of the boundary currert, between
approximately 50km and 125km latitude. The meantransport streamfunctionfound for this
wind-driven caseis very similar to what is found if the transport for the certral calculation
with no wind is simply addedto the transport for a wind-driven ow with no densewater

outow.

The eddiesform in the wind-driven calculation much like they did in the certral calcula-
tion, although the eddiesare advectedtowards the interior and west by the model Beaufort
Gyre, as seenby the passiwe tracer eld on day 180in Fig. 17. This is consisten with the
pathways of Bering Summer Water inferred from obsenations by Shimadaet al. (2006).
The eddy distribution away from the boundary current is signi cantly di erent for the wind-
driven case(Fig. 17) comparedto the standard case(Fig. 12). The wind-driven caseis
distinguishedby a relative sparcity of isolated anticyclonesin the easternhalf of the domain
and a concetration in the west, with many of the westerneddieswell o shore of the bound-
ary currernt. The eddy distribution obsened from drifting platforms is generally consistem
with the wind-driven model distribution. In particluar, drifters carried aroundthe periphery
of the CanadaBasin by the Beaufort Gyre showed relatively few eddiesto the north and
east of the Alaskan Beaufort Shelf and more frequernt eddy encourers directly o shore of
the shelf and to the west of Barrow Canyon (Plueddemannet al., 1998; Krish eld et al.,
2002). Although intriguing, this evidenceis not de nitiv e becausethe obsenations are only
alongthe drift tracks and thus do not uniformly samplethe region.

The averagetracer ux carried into the interior over the nal 100days is increasedto
80%of the ux o the shelf,signi cantly largerthan the calculation without the wind. This
is due, in part, to the advection by the wind-driven ow carrying the eddiesaway from the
boundary in the western part of the domain. There is also now an o shore transport due
to the mean ow becausethe boundary currert transport is diverted o shore. The wind
causesan enhancedhorizortal shearof the velocity eld dueto the westvard ow adjacen
to the boundary current, however the energeticsof this calculation look very much like that
for the certral calculation with no wind, soit doesnot appearthat the instability processis

strongly in uenced by the wind.

24



4.3 parameter sensitivities

Lateral boundary condition and visasity

The structure of the lateral shearof the boundary currert is fundamenal to the model
boundary current stability and the formation of the eddies. A model calculation identical
to the standard caseexceptwith free-slip lateral boundary conditions (instead of no-slip)
producesno eddiesor o shore ux of the passie tracer. The primary dierence in the
meanboundary currert structure betweenthesetwo calculationsis the presenceof a viscous
shearlayer near the boundary for the calculation with no-slip boundary conditions. The
mean zonal velocity at 115 m depth, averagedover the nal 100 days of integration and
between 200 km and 700 km longitude, is shavn in Fig. 18 for the free-slip and no-slip
calculations. The velocity with free-slipincreasedowards the boundary acrossthe eastvard
o wing boundary currert to a maximum of appraximately 60cm s ! with very little decay as
the boundary is approaded. The no-slip calculation hasa much weaker maximum velocity,
only appraximately 20cms !, and decreasesowards zerowithin about 2 km of the boundary
(relative vorticity 0:7f . The o shore relative vorticity is much larger for free-slipthan
it is for no slip, but it is positive throughout nearly all of the eastvard owing boundary
currernt while it hasa narrow region of large negative relative voricity for no-slip boundary
conditions. The isopycnal slope is of the samesign in both cases,although signi cantly
steeger in the free-slip case. The changein stability is likely not a result of changesin the
baroclinicity of the boundary current but instead related to the presenceof the shearlayer
near the boundary. A similar destabilizing in uence of lateral shearlayers provided by no-
slip boundary conditions for baroclinic instability has beenfound by Mundt et al. (1995)
and Berlo and McWilliams (1999).

The sizeand growth rate of the eddiesis also sensitive to the nondimensionalviscosity
parameter . Increasedvaluesresult in larger eddiesand an enhancedo shore transport of
shelftracer while smallervaluesresult in smallereddiesand lesso shore transport (seeTable
1), althoughin all casesstudiedin the rangeof 0:75< ¢ < 1:5the model instability appears
to be qualitatively similar. The shearlayer on the on-shoreside of the mean boundary
currert is the samewidth in all of these cases,O(2 km), so the eddy scaleis not simply
related to the width of the shearlayer.

Bottom slope
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The percent of the passie tracer that gets carried into the basin interior by eddiesis
sensitive to the topographicslope betweenthe shelfbreakand the interior. The o shore ux
increaseswith increasingslope, largely due to the production of more eddies(Table 1). The
o shore ux islessthan 10%for a topographicslope of 0:01 and over 90%for a bottom slope
of 0.03. This suggestghat the o shore ux of boundary current water might vary strongly

with location asthe topographic slope changesalong the boundary.

The topographic slope at the mooring array location is approximately 0:018, closeto
that usedfor the certral model calculation. Howewer, the main point of thesecalculationsis
to demonstratewhich parametersof the model are mostimportant for the formation of eddies
and the o shore ux of shelfwater. The important result is that realistic topographicslopes
along the Chukchi and southern Beaufort shelfbreakfall within the range of topographic
slopes for which we nd signi cant eddy formations and o shore ux of tracer. Howeer,
becausethe o shore ux is also sensitive to the value of the viscosity coe cient g, the
e ect of varying the bottom slope is relative; increasingthe viscosity to ¢ = 1.5 resultsin
signi cant o shore tracer ux evenwhenthe bottom slopeis relatively weak,s = 0:01 (Table
1).

Ice drag

The quadratic drag applied to the uppermostlevel in the model represetts the interac-
tion with ice cover, and dampsthe upper oceanmotions with a time scaleof O(25 days).
This a ects most strongly the cyclonic eddy partners that are formed during the instability
processand help to propagatethe anticyclonic eddiesaway from the shelfbreakjet. Setting
this drag to zeroincreaseshe o shore eddy ux by only 7%, while doubling it to 4 10 *
doesnot changethe o shore ux at all (Table 1). Thus, the magnitude of the o shore ux

is not very sensitive to small variations of the drag coe cien t.

5 Summary

It has been known for sometime that the southern Canada Basin is populated with a
large number of cold-core,anti-cyclonic halocline eddies. While the properties of the eddies
indicate a shelfsource the medanismof formation hasbeenunclear. We have demonstrated,
using high-resolution mooring obsenations and an idealized numerical model, that sud

26



eddiesarelikely spavnedby the shelfbreakjet via baroclinic instability. Our analysisfocused
on the spring time period, when winter-transformed waters from the Bering and Chukchi
Seasare carried eastvard by the current. Thesewaters are near the freezingpoint and very
weakly strati ed, forming a bottom trapped, low potential vorticity boundary current when
the winds are weak. The salinity of thesewinter water massesangesbetween 32{34, and
are thus of interest for vertilation of both the upper and lower halocline. A mooring array
150 km east of Barrow Canyon measuredan eastvard transport of 0.42 Sv during periods
whenthe boundary currert is not strongly in uenced by local winds. The maximum obsened
mean velocities were O(25 cm s 1), with a current width of O(10 15 km). The current
was highly time-dependert and nonlinear, with the relative vorticity and tilting vorticity
terms often becomingimportant for the overall Ertel potential vorticity. The eddy density
and momertum uxes calculatedfrom the array show signi cant cross-streamuxes of both
density and zonal momerium. The energy corversion terms assaiated with these eddy
uxes indicate that the current is both baroclinically and barotropically unstable, although

the baroclinic conversionterm is dominart.

An idealizednumerical model forcedby weakly strati ed, densewater owing o a shelf
producesa boundary currert in generalagreemen with the obsenations, both in its mean
structure and in its time-dependen behavior. The model current is strongly unstable and
producesnumerouscold-core,anticyclonic, mid-depth eddiesthat transport the shelf-origin
water into the basin interior. The eddy uxes and energy corversion terms in the model
comparereasonablywell with those from the mooring data, although the mooring data do
not cover the full o shore extent of the eddyformation regionsoa completecomparisonis not
possible. The structure of the eddiesformed by the model comparewell with typical velocity
pro les of eddiesmeasuredin the basin interior by ADCPs from drifting ice stations. The
model does showv a sensitivity of the quartitativ e behavior (number of eddiesformed, size
of eddies)to details of the model con guration (bottom slope, frictional parameterizations),
but the qualitative behavior is largely unchanged. The model is not intended to provide a
detailed prediction of the shelfbreakjet systemin the southern Beaufort Sea,but is instead
usedto demonstratea plausible processand to idertify parametersthat are important for
the stability of the shelfbreakjet. The results suggestregionsin which large eddy-driven
exchangecan be expected (steeptopograpty) and isolate physical processeshat needto be

better understood (shearlayers and mixing near topography).
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The positive comparisonsbetweenthe model and the data, both in the region of eddy
formation and in the basin interior, suggestthat the model is faithfully represeting the
boundary current and its instability. The number of cold-coreeddiesestimatedto exist at
any onetime in the basin interior, O(100 200), together with their estimated lifetime of
O(1 2 years),indicatesthat approximately 100-200eddiesare formed ead year (seealso
Pickart et al., 2005). Basedon the 2-year mooring data set, winter water is presem along
the shelfbreak for roughly half of the year (keepin mind that we consideredonly the coldest
winter water in this study), which requiresthe formation of an eddy approximately every 1-2
days. Sud alarge production rate seemaunlikely to be supported by only oneor two canyon
out o ws, but is not unreasonablebasedon the number of eddiesformedin the model when
the entire length of the shelf break is taken into consideration. The eddiesin the certral
model calculation transport almost half of the original shelfwater into the basininterior over
a boundary extert of 600 km, indicating that the eddiesare quite e ective at transporting
water massesand properties from the shelfregioninto the basininterior. This suggestghat
eddy formation is a major cortributor to halocline vertilation in the westernArctic.

The masstransport of the boundary current, howewer, is much more closely con ned
to the boundary region than the tracer, becausethe eddiesare not an e ective meansto
transport momerntum. Howewer, when large-scaleanticyclonic winds over the Beaufort Sea
areincludedin the model, the slight o shore shift of the boundary current drivenby the eddy
uxes is su cient to getthe boundary currert transport ertrained into the westvard o wing
wind-driven Beaufort Gyre. This resultsin a reduction of the eastvard transport alongthe
boundary and can result in a majority of the shelfwater being transferredinto the interior.
One rami cation of this is that an enhancedBeaufort Gyre might signi cantly redirect the
Paci c-origin water into the interior of the CanadaBasin. Steeleet al. (2004) argue that
the atmosphere-gean conditions assaiated with the phaseof the Arctic Oscillation (AO)
strongly dictate the ability for Chukchi/Bering summerwater to appear north of Ellesmere
Island (and subsequetty o w through NaresStrait and Fram Strait). They attribute this to
a shift in the location and strength of the transpolar drift and Beaufort Gyre dueto the AO.
Our results suggestthat the redirection of the boundary currert may alsoplay an important
role (we note that Bering/Chukchi summer water is denseenoughto ow eastvard as a
bottom-trapp ed boundary current). This is not inconsistert with Steeleet al.'s scenario,but
could cortribute to it. Further work is requiredto esh this out.

28



Acknowledgmerts

The authors wish to thank Anna Nikolopoulosand Daniel Torresfor their help in pro-
cessingand interpreting the mooring data. This study wassupported by the National Science
Foundation O ce of Polar Programsunder Grants 0421904and 035268 MS), and the O ce
of Naval Researb Grant NO0014-02-1-0317RP and PF). Analysis by AJP was supported
by the O ce of Naval Researb under Grant NO0014-97-1-013and by the National Science
Foundation under Grant OPP-9815303.Any opinions, ndings, and conclusionsor recom-
mendationsexpressedn this material are those of the authors and do not necessarilyre ect
the views of the National ScienceFoundation or the O ce of Naval Researb.

29



References

Aagaard K. and Carmad E.C., 1994: The Arctic and climate. In: The Polar Oceansand
Their Rote in Shapingthe Global Environment (edited by O.M. JohannessenR.D. Muenc
and J.E. Overland, Geoptysical Monograph Series,85, AGU, Washington, D.C., pp. 4-20).
AGU, Washington,D.C.

Aagaard, K., L. K. Coadiman, E. C. Carmad, 1981: On the halocline of the Arctic Ocean.
Deep{Se Res, 28, 529-545

Aagaard, K., 1984: The Beaufort Undercurrert. The AlaskanBeaufort Sea: Ecosystemsand
Environments AcademicPress,pp. 47-71.

Aagaard, K. and A. T. Road, 1990: Arctic ocean-shelexchange: measuremets in Barrow
Canyon. J. Geophys. Res, 95, 18,163-18,175.

Berlo, P. S.,and J. C. McWilliams, 1999: Quasigeostrophiaynamicsof the westernbound-
ary current. J. Phys. Oceanagr., 29, 2607-2634.

Bush, A. B. G., J. C. McWilliams, and W. R. Peltier, 1996: The formation of oceanic
eddiesin symmetric and asymmetricjets. Part Il: Late time ewlution and coheren vortex
formation. J. Phys. Oceanagr., 26, 1825-1848.

Chao, S-Y. and P-T Shaw, 1996: Initialization, asymmetry and spindavn of Arctic eddies.
J. Phys. Oceanqgr., 26, 2076-2092.

Chao, S-Y. and P-T Shaw, 1998: Eddy maintenanceand attrition in a vertically sheared
current under Arctic ice. J. Phys. Oceanqgr., 28, 2427-2443.

Chao, S-Y and P-T Shaw, 2002: A numerical investigation of slarted convection and subsur-
faceartiicyclone generationin an Arctic baroclinic current system. J. Geophys. Res, 107,
10.1029/2001JC000786.

Chao, S-Y and P-T Shaw, 2003a: A numerical study of densewater out o ws and halocline
anticyclonesin an Arctic baroclinic current J. Geophys. Res, 108, 10.1029/2002JC001473.

Chao, S-Y and P-T Shaw, 2003b: Heton sheddingfrom submarine-cagon plumesin an
Arctic boundary currernt system: Sensitivity to the undercurrert. J. Phys. Oceanagr., 33,
2032-2044.

30



Coadiman, L.K., K. Aagaard, and R.B. Tripp, 1975: Bering Strait: The regional physical
oceanograply. University of WashingtonPress Seattle, 172 pp.

D'Asaro, E. A., 1988a: Obsenations of small eddiesin the Beaufort Sea,J. Geophys. Res,
93, 6669-6684.

D'Asaro, E. A., 1988b: Generationof submesoscalgortices: A newmedanism. J. Geophys.
Res, 93, 6685-6693.

Fratantoni, P.S., S. Zimmerman, R. S. Plckart, M. Swartz, 2006: Western Arctic Shelf-
Basin Interactions Experimert: Processingand calibration of moored pro ler data from the
Beaufort shelf edgemooring array, Woods Hole Oceanographidnstitution Tednical report
WHOI-2006-15,34pp.

Garrison, G. R and P. Beder, 1976: The Barrow submarinecanyon: A drain for the Chukchi
Sea.J. Geophys. Res, 81, 4445-4553.

Hall, M.M., 1994: Synthesizingthe Gulf Streamthermal structure from XBT data. Journal
of Physial Oceanagraphy, 24, 2278{2287.

Hart, J. E., and P. D. Killw orth, 1974: Open ocean baroclinic instability in the Arctic.
Deep{Sea Res, 23, 637-645.

Hogg, N. G., and H. M. Stommel, 1985: The heton, an elememary interaction between
discretebaroclinic geostrophicvorticesand its implications concerningeddy heat- ow. Proc.
Roy. Scc. London, A397, 1-20.

Hunkins, K. L., 1974: Subsurfacesddiesin the Arctic Ocean. Deep{Se Res, 21, 1017-1033.

Llinas, L., R.S. Pickart, J.T. Mathis, and S.L. Smith, 2007: The e ects of eddy transport on
zooplankton biomassand comnunity composition in the westernArctic. Deep-Sa@ Research
II', submitted.

Manley, T. O. and K. Hunkins, 1985: Mesoscalesddiesof the Arctic Ocean. J. Geophys.
Res, 90, 4911-4930.

Marshall, J., C. Hill, L. Perelman, and A. Adcroft, 1997: Hydrostatic, quasi-hydrostatic,
and non-hydrostatic oceanmodeling. J. Geophys. Res, 102, 5733-5752.

31



Mathis, J.T., R.S. Pickart, D.A. Hansell,D. Kadko, and N.R. Bates, 2007: Eddy transport
of organic carbon and nutrients from the Chukchi shelfinto the deepArctic basin. Journal

of Geophysi@l Resarch, in press.

Melling, H., 1998: Hydrographic changesn the Canadabasinof the Arctic ocean,1979{1996.
Journal of Geophysi@l Research, 103, 7637{7645.

Mountain, D. G., 1974: Bering Seawater on the north Alaskan shelf. Ph.D. Thesis, Univer-
sity of Washington, Seattle, WA, 153 pp.

Mountain, D.G., L.K. Coadiman, and K. Aagaard, 1976: On the ow through Barrow
Canyon. Journal of Physial Oceanagrapny, 6, 461{470.

Muend, R.D., J.D. Schumader, and S.A. Salo, 1988: Winter currents and hydrographic
conditions on the northern certral Bering Seashelf. Journal of Geophysi@l Resarch, 93,
516-526.

Muend, R. D., J. T. Gunn, T. E. Whitledge, P. Sclosser,and W. SmethieJr., 2000: An
Arctic Oceancold coreeddy. J. Geophys. Res, 105, 23997-24006.

Munchow A., and E. Carmad, 1997: Synoptic o w and density obsenations near an Arctic
shelfbreak.J. Phys. Oceanagr., 27, 1402-1419.

Menchow, A., R.S. Pickart, T.J. Weingartner, R.A. Woodgate, and D. Kadko, 2006: Arc-
tic boundary currerts over the Chukchi and Beaufort slope seas: Obsenational snapshots,
transports, scales,and spatial variability from ADCP surweys, EOS Trans. AGU, 87(36),
OceansSci. Meet. Suppl., Abstract OS33N-03.

Mundt, M. D., N. H. Brummell, and J. E. Hart, 1995: Linear and nonlinear baroclinic
instability with rigid sidewalls. J. Fluid Mech., 291, 109-138.

Newton, J. L., K. Aagaard, and L. K. Coadman, 1974: Baroclinic eddiesin the Arctic
Ocean. Deep{Se Res, 21, 707-719.

Nikolopoulos, A. and R.S. Pickart, 2007: The western Arctic boundary currert at 152W:
Structure, variability, and transport. Deep-Sa Research Il , submitted.

Ou, H. W. and A. L. Gordon, 1986: Spin-dovn of baroclinic eddiesunder seaice. J. Geophys.
Res, 91, 7623-7630.

32



Paquette, R. G. and R. H. Bourke, 1974: Obsenations on the coastal currert of Arctic
Alaska. J. Mar. Res, 32, 195-207.

Pedlosky J. 1985: The instability of cortinuousheton clouds. J. Atmos. Sci., 42, 1477-1486.

Pickart, R. S., 2004: Shelfbreakcirculation in the Alaskan Beaufort Sea: Mean structure
and variability. submitted to:J. Geophys. Res.

Pickart, R. S., T. J. Weingartner, L. J. Pratt, S. Zimmermann,and D. J. Torres, 2005: Flow
of winter-transformedPaci ¢ water into the WesternArctic. Deep{Se ReslI, 52, 3175-3198

Pickart, R.S., G.W.K. Moore, A.M. Macdonald, J.E. Walsh, and W. E. Kessler,2007: Sea-
sonal eveolution of Aleutian low-pressuresystems: Implications for the North Paci c sub-

polar circulation. submitted to: J. Climate.

Plueddemann,A., R. Krish eld, and C. Edwards, 1999: Eddiesin the Beaufort Gyre, Ocean-
Atmnosphere-Icelnteractions (OAIl) All Hands Meeting, 20-22 October, 1999, Virginia
Bead, VA.

Plueddemann,A. J., R. Krish eld, T. Takizawa, K. Hatakeyama, and S. Honjo, 1998: Upper
oceanvelocities in the Beaufort Gyre. Geophys. Res. Let., 25, 183-186.

Plueddemann,A. J., R. Krish eld, 2007: Physical properties of eddiesin the westernArctic.
to be submitted to: J. Geophys. Res.

Road, A. T., A. Aagaard, C. H. Pease,S. A. Salo, T. Weingartner, V. Pavlov, and M. Ku-
lakov, 1995: Direct measuremets of transport and water properties through Bering Strait.
J. Geophys. Res, 100, 18443-18457.

Shimada, K. and A. Kubokawa, 1997: Nonlinear ewlution of linearly unstable barotropic
boundary currents. J. Phys. Oceanagr., 27, 1326-1348.

Smagorinsky J. 1963: Generalcirculation experimerts with the primitiv e equations:I. The
basicexperimert. Mon. Wea. Rev,, 91, 99-164.

Spall, M. A., 1995: Frontogenesis,subduction, and cross-fron exdiange at upper ocean
fronts. J. Geophys. Res, 100, 2543-2557.

Steele,M., R. Morley, and W. Ermold, 2001: PHC: A global oceanhydrography with a high
quality Arctic Ocean.J. Climate, 14, 2079-2087.

33



Steele M., J. Morrison, W. Ermold, I. Rigor, and M. Ortmeyer, 2004: Circulation of summer
Paci ¢ halocline water in the Arctic Ocean.J. Geophys. Res, 109, doi:10.1029/2003JC002009.

Timmermans, M-.-L., J. Toole, A. Proshutinsky, R. Krish eld, and A. Plueddemann,2007:
Eddiesin the CanadaBasin, Arctic Ocean,obsened from ice-tetheredpro lers. submitted
to: J. Phys. Oceanaqgr..

Weingartner, T. J., D. J. Cavalieri, K. Aagaard, and Y. Sasaki, 1998: Circulation, dense
water formation, and out o w on the northeast Chukchi shelf. J. Geophys. Res, 103, 7647-
7661.

Woodgate,R. A., K. Aagaard,and T. Weingartner, 2005: A year in the physical oceanogra-
phy of the Chukchi Sea: Moored measuremets from autumn 1990-1991.Deep{Se Resl|,
52, 3116-3149.

34



RUN | s Co s | F
1 [002/2 10%| 1.0 |.53
2 |0.02(2 10“|0.75] .11
3 |0.02({2 104| 15].91
4 10012 10“%| 1.0 .07
5 |0.03/2 10%| 1.0 |.93
6 |[0.02/4 10“]| 1.0 |.53
7 [0.02/0 10%] 1.0 .60
8 |0.01/2 10“4| 15].73

Tablel: Normalizedo shore tracer ux F for variationsin Smagnorinskyiscosity coe cien t
s; bottom slope s; ice drag coe cient Cp;.
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Figure 1. Map of the region of interest and sthematic circulation. A shelfbreakjet exists
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Figure 7: (a) Histogram of the positive and negative extrema of R, (seetext) for the
collectionof sections.(b) Scatterplot of the extremaof R, overlaid onthe meanalongstream
velocity sectionof Fig. 5
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Figure 8: Model topograply (contour interval = 100m) and domain. The bladk regionis an

island, the gray regionis a 70 m deepshelfwherethe temperature, salinity, and momertum
are forced.
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Figure 9: Meridional sectionof the meanboundary current a) zonalvelocity (cm/s); b) Ertel
potertial vorticity (10 ® m s 1). Isopycnalsare indicated by the black cortours.
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Figure 10: Potertial vorticity at 115m depth on a) day 24 and b) day 180(10 ® m s 1).
The white line in b) marks the location of the vertical sectionin Fig. 11
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Figure 11: Vertical slicethrough the eddy indicated in Fig. 10b at the location of the white
line on day 180. a) meridional velocity (colors, m/s) and salinity (contours); b) Ertel poten-
tial vorticity (10 ° m s 1); ¢) tangertial velocity asa function of radius, nondimensionalized
by radius of maximum velocity (12 km) and maximum velocity (19 cm s 1). Circles mark
eat model grid point, the white line is a least squarest through the model data points,
and the red line is an averagepolynomial t basedon the obsenations of Plueddemannand

Krish eld (2007).
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shelf tracer at 180 days
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Figure 12: Passiwe tracer in the model on day 180at 115m depth. The region of o shore
and along shoretracer ux is indicated by the bold white lines. The tracer is initially zero
everywherein the domain, maintained at a value of 1 in the shelf forcing region, and is
otherwiseadvected and di used astemperature and salinity.
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Figure 13: The o shore (solid line) and alongshore(dashedline) advective ux of the passie
tracer asa function of time, normalizedby the ux oftracer o the shelfin the forcingregion.
The meano shore tracer ux over the nal 100days of integration is indicated by the bold
line (53%).
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a) Eddy density flux
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Figure 14: Along-shelfand temporal meanof a) o shore eddy density ux (Kg m 2 st
10 ?); b) baroclinic energycorversionterm (m?s 3 10 8); ¢) eddymomertum ux (m?s ?
10 3); d) barotropic energycorversionterm (m? s 2 10 &), overlaid on the mean density
eld (thin bladk cortours). The zero cortour of ead eld is given by the bold black line.
The white line indicatesthe region of overlap with the obsenations (Fig. 15).
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Figure 15: Resultsfrom the mooring data for a) o shore eddy density ux (Kg m ?s?!

10 2); b) baroclinic energy corversionterm (6) (m? s 3

(m?s?

10 8); c) eddy momertum ux

10 32); d) barotropic energycornversionterm (7)(m? s 3 10 8).
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Figure 16: Mean depth integrated transport streamfunction (10° m s 1) for a) the standard
calculation; b) a calculation with forcing on the shelf and anticyclonic wind stresscurl in
the interior. The transport o the shelfis indicated by the bladk cortours (contour interval
=01 10ms1?
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shelf tracer at 180 days with interior winds
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Figure 17: Passiwe tracer in the model on day 180 at 115 m depth for the casewith a
wind-forced anticyclonic gyre in the interior.
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Figure 18: Mean zonal velocity at 115m depth for no-slip boundary conditions and free-slip

boundary conditions.
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