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Hydrographic and velocity profiles were made through a small baroclinic cyclonic eddy during the
Arctic Internal Wave Experiment in the Canada Basin in April 1985. The maximum measured

azimuthal
velocitywas0.38m s-1 at a depthof 115m, withvelocities
decaying
to nearzeroat 30and
270 m. Maximum isopycnal displacementsat the closestapproach to the eddy's axis were about 40 m.
The deducedradiusof maximumvelocity is r0 = 7 -+ 2 km, and the total radiusis about 13 km. Kinetic
energy dissipation rate, e, was enhanced within 70 m of the surface throughout the transect, and for
radius r < r0 near 60 m and 180 m. The subsurfacemaxima in e do not correspondto regionsof low
Richardson number, but are colocated with locally reduced shear, consistent with the observed
dissipationrates being merely the remnants of recent, more energetic mixing events. The time scale for
the decay of the eddy, based on its total energy and the measureddissipationrates, is O(10) years.
Given this large dissipationtime scale, critical layer absorptionof vertically propagatinginternal wave
momentum may be dynamically significantto the eddy's evolution.

1.

INTRODUCTION

[1988a], using helicopter-deployed expendable current profilers and conductivity, temperature, and depth (CTD) units,
The Arctic Internal Wave Experiment (AIWEX) was
found two further cyclonic eddies below 300 m near the
conductedfrom an ice camp drifting in the Canada Basin of
AIWEX camp. Therefore, while McWilliams [1988] claims
the Arctic Ocean during March-May 1985. Velocity, temthat these small, isolated vortices are always anticyclonic, a
perature, and conductivity were sampled at fixed depths,
total of seven cyclonic eddies have now been documented in
and profiles of these variables from the surface to below 300
the Canada Basin. However, the present observations are
m were made. Toward the end of the experiment the camp
the first through a Canada Basin eddy of either parity that
drifted across a small eddy with a total inferred radius (see
include high-resolution (both in space and time) current
section 3.1) of about 13 km. From both the hydrographic
profilesand direct measurementof kinetic energy dissipation
data and current meter records, the rotation sense(parity) of
rate. Combined with hydrographic measurements, these
the eddy was cyclonic, with an azimuthal velocity maximum
observationsallow us to investigate the energy balance of an
near 115 m, decreasingto approximately zero near 30 m and
eddy which is typical, in size and total energy, of those of the
270 m. Small eddies are a common feature of the Canada

Basin, being present in about 25% of the hydrographicand
current meter profiles during the extensive Arctic Ice Dynamics Joint Experiment (AIDJEX) program in 1975/1976
[Manley and Hunkins, 1985]. They contain much of the
kinetic energy in the depth range 0-250 m, and transport
significant amounts of anomalous heat, salt, and nutrients
within the Canada Basin. Understanding these eddies is
therefore essential to modeling the upper ocean in the
Canada

Basin.

Manley and Hunkins [ 1985]found that approximately95%
of eddies identified during AIDJEX were anticyclonic.
Hunkins [1974] documented one cyclonic eddy extending
from near the surface to below 200 m from the AIDJEX pilot
program in 1972. Manley and Hunkins [1985] found three
cyclonic eddies during the main AIDJEX program in 19751976, but two of these were below the Atlantic layer core,
i.e, below 500 m, while the third was very weak. D'Asaro
Copyright 1990 by the American Geophysical Union.
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Canada

Basin.

One of the intriguing features of these small eddies, or
submesoscalecoherent vortices (SCVs) [McWilliams, 1985],
is their apparently long lifetimes, which are deduced from
the estimated time taken for an eddy to travel from its
proposed point of formation to the central Canada Basin.
The present SCV and the majority of previously documented
Arctic SCVs occur in the depth range 0 < z < 300 m, which
is the approximate range of the Canada Basin halocline,
formed from Bering Strait summer and winter inflows and
modified shelf water. This, combined with their typically
anomalous water mass properties [Manley and Hunkins,
1985], suggestsa probable formation point along the Alaska
shelf. D'Asaro [ 1988b]proposeda mechanismfor generation
of anticyclonic eddies based upon the relative vorticity
generated by frictional torques in a shear layer adjacent to
the coastwardwall of Barrow Canyon. He also hypothesized
that the rarer cyclonic SCVs may be generated in a similar
manner on the seaward wall of Barrow Canyon, and used
satellite imagery of a patch of warm water near this wall to
support this proposal.
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Fig. 1. Drift track for AIWEX ice camp, from t = 113.0 (UTC) to 118.0. Solid squaresare separatedby 6 h. Vectors
indicate absolute currents at 115 m measuredby ADCP.

An alternative mechanism is the growth via an instability
process of meanders in the coastal current [Gri2•ths and
Linden, 1982; Killworth and Stern, 1982]. As with D'Asaro's
model, this mechanism favors generation of anticyclonic
eddies because of the absence of a left-hand boundary to
limit the growth of meanders in the offshore direction.
However, under appropriate conditions, cyclonic eddies
may be generated in this way by the near-simultaneous
pinching off of two consecutive anticyclonic meanders. The
wavelength of the growing instability, based on the work by
Gri2•ths and Linden [1982], is 0(20) km for a 10-km-wide
current in an upper layer 50 m deep in 1000 m total water

depth,with a densitycontrastbetweenlayersof 2 kg m-3,
typical of the initial incursion of water from the Bering Strait
into the Canada Basin. This implies an eddy radius of about
10 km, comparable to the observed scales of Canada Basin
SCVs.

2.

OBSERVATIONS

The ice camp location (Figure 1) was obtained from a
dual-channelMagnavox 1502 satellite navigator with a typical separation between good fixes of 1-2 h. The mean

velocityof thecampwasabout0.05m s-• roughlytoward
WSW, but variablebetween0 and 0.12 m s-• with large
changesin direction, although the orientation of the ice floe
remained almost constant. Throughout this paper, time t is
given in decimal day of year (UTC). The relative locationsof
vertical profiles and moored sensorsdiscussedin this paper
are shown in Figure 2.
2.1.

Current

Structure

Horizontal velocity was recorded at 145 m by a vectoraveraging current meter at the central mooring, and by an
RD Instruments acoustic Doppler current profiler (ADCP)
which measuredgood hourly averaged data between 30 and

The assumption that SCVs are formed near the coast
implies that thesefeatures are long-lived, sincean eddy must
move from the coast to the central

Canada

Basin without

its

vorticity field being erased. Even if the eddies follow a
straight-linepath from Point Barrow at an average speedof

Outer

0.02m s-] , a lifetimeof severalmonthsis required.Much
longer lifetimes are implied by more realistic paths, such as
downstream (eastward) advection in the Alaska Coastal
Current followed by westward advection in the southern
branch of the anticyclonic Beaufort Gyre [Newton et al.,
1974]. It is a primary aim of this paper to explore the energy
balance of the AIWEX cyclonic SCV in order to understand
these long lifetimes in the presence of frictional lossesboth
at the ice/water interface and throughinternal shearstresses.
ter !
Section 2 describes the hydrographic and velocity fields
within the AIWEX camp eddy, then discussesobservations
of its microstructure. A description of AIWEX can be found
in the work by Padman and Dillon [1987]. In section 3 we
discussthe eddy geometry, and the relationshipbetweenthe
Outer
dissipation rate and eddy-scale hydrography. We also discuss the eddy's energy balance, and in particular the possiFig. 2. Location of moored temperature sensors(solid circles)
bility that critical layer absorptionof internal wave momen- Arctic profiling systemCTD (MO), acoustic Doppler current profiler
(PI), and microstructure profiling (DI).
tum flux may be a significantcomponentof this balance.
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Fig. 3. Plotsof (a) velocitymagnitude,relativeto 300m depth,(b) temperature,T, (c) salinity,S, and (d) density,
%. Velocityis measured
by acousticDopplercurrentprofilerwith averagingscalesof 8 m and 1 h; T, S, and % are
measuredwith the APS profilingCTD at an approximatesamplinginterval of 3 h.

six satellite moorings, designedas an antenna for internal
wave phase propagation.Salinity, S, was obtained from T
and C for averagingtimes longer than the conductivity cell
zeroverticalvelocity,
ofabout3 x 10-3 m s-• . Theabsolute flushingrate of severalminutes. Hourly averagesof T and S
velocity vectors at 115 m from the ADCP are shown in (Figure 4) showthe eddy between about t = 114.7 and 116.8,
Figure 1. Outside the eddy, semidiurnalfrequency oscilla- with the closest approach to the eddy axis being near t =
tions are found in the current meter data, with typical 115.7. The vertical lines indicate the times at which the
magnitudes
of 0.04m s-•. It is assumed
that someof the 115-mcurrent speedreachedlocal maxima (see Figure 3a).
signalwithin the eddy is also in this frequency band, which The eddy is most clearly seen between 80 and 257 m. It is
may be tidal or near-inertial (2•r/f = 12.48 h at 74øN). The still evident at 303 m but is no longer observable at 508 m,
velocity at 300 m, the deepestreliable ADCP current esti- which is near the core of the Atlantic layer. Transects of T,
mate, is assumedto representa barotropicvelocity consist- S, and •rt (Figures 3b-3d) from the Arctic profiling system
ing of tides superposedon the largescale Beaufort gyre (APS) [Morison et al., 1987] clearly show the depressionof
circulation [Newton et al., 1974], and has therefore been isopycnalsassociatedwith the eddy above 115 m, and the
subtractedfrom the current profiles to produce a perturba- elevationof isopycnalsbelow this depth. The T-S charactertion velocity field associatedwith the eddy. The perturbation istics within the eddy vary slightly from the background
velocity magnitude(Figure 3a) hastwo maxima of about0.38 (Figure 5). Prior to the eddy transect, the camp had crossed
m s-• at 115m, at t = 115.5and 116.0,with a decrease
in a field of small, localized lenses of anomalously cold water
speed between these times. The velocity field associated near 80 m [Fields, 1988; Padman and Dillon, 1988]: it is not
with the eddy is boundedapproximatelyby 114.7< t < 116.8 known if these lenses are dynamically associatedwith the

300 m. The ADCP has a vertical resolution (separationof
independentcurrentestimates)of about8 m, and an error in
hourly averagedcurrent speed,basedon the assumptionof

and 30 < z < 270 m.

eddy.

2.2.

2.3.

Hydrography

Temperature, T, and conductivity, C, were measuredat
1-min intervals at five depths between 80 and 508 m with
Sea-Bird Electronics sensorson the central mooring [Levine
et al., 1986]. In addition, T was measured at about 250 m on

Dissipation Rates

Seventy-five profiles of temperature and velocity shear
microstructurewere made with the rapid sampling vertical
profiler [Caldwell et al., 1985; Padman and Dillon, 1987],
from the surface to a maximum depth of 460 m between t =
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112.0 and t = 116.8, the end of AIWEX

microstructure

profiling. The dissipationrate of turbulent kinetic energy, e,
is calculated from the microscale shear by (assumingisotropy)

-1.6

-1.2

s = 7.5•,{Uz
2)

(1)

-1.6
-0.3

where •, is the kinematic viscosity of seawater, about 1.8 x

10-6 m2 s-1 at T = 0øC,and(uz
2)isthetotalshear
variance
within a chosendepth range. In practice, the shear variance
is the integral of the shear spectrum for wavelengths be-

-0.7
0.2

tweentheKolmogorov
microscale,
Ak= 2'n(•'3/e)1/4,
and0.5
m, the latter being the approximate scale at which the
profiler couples with the horizontal flow and therefore fails

-0.2

0.55
•o
o

to measure

true shear. Some contamination

occurs at low

wave numbers due to instrument wobbling and temperature
sensitivity of the shear probes. The approximate noise level

0.45

52.2

for e, based on the smallest values recorded outside the

eddy,is about4 x 10-11W kg-1 (m2 s-3). No dissipation
31.7

rates are available

33.7

several secondsto stabilize following its release. Since the
unstratified surface layer at this time is only 15-20 m thick,
we are unable to study the mixing layer turbulence.
Dissipationrate profiles (Figure 6) were averagedfor four
regions of the eddy determined by the ADCP current speed
at 115 m. In all regions the dissipation rate above 70 m is
significantlyabove the noise level, while enhanceddissipation rates are also found near 60 and 180 m in the first region
(the eddy "core" between t = 115.5 and 116.0). The nearsurface dissipation layer extends well into the pycnocline
below the surface unstratified layer in all regions, including
the far field, and is presumably due to instabilities in the
internal wave field generated by stress at the ice/water
interface. The velocity field of the eddy is just visible in the
ADCP currentsat 30 m; therefore the presenceof turbulence

33.2
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Fig. 4. Time series of hourly averaged temperature and salinity
from moored sensors. Vertical lines indicate the position of the
eddy, based on current speed at 115 m.

above 20 m because the instrument

from the surface to 70 m indicates

that a vertical

turbulent

exchange of momentum between the mixed layer and the
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the maximum azimuthal velocity, Va, from the ADCP record

atthistimeis0.26m s-1 compared
withVa• 0.38m s-l at
t = 116.00. The solid body assumption,Va o• r for r < r0,
'..

ß

ß

..x

implies that the closest approach to the axis is therefore r =
0.7r0, the radial separationof the hydrographicprofiles for t
= 115.7 and 116.0is 0.3r0, and the velocity determinedfrom
a comparison of the two hydrographic profiles applies to r =
0.85r0.
The gradient wind balance for an axisymmetric velocity
field under the Boussinesqapproximation on an f plane is
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10-lø W kg-1 at 20m, nearthebaseof themixedlayer.The
implied interaction between the eddy's velocity field and the
ice is consistentwith the observed perturbation to the mean
ice drift track as the eddy is crossed, seen as a stagnationof
ice drift between t = 115.25 and 115.5 (Figure 1), even
though no concurrent wind stress change was observed.
However, the vertical momentum flux based on the measured dissipation rates and vertical shears is very small, so
that the dynamicalreasonfor this apparenteddy/icecoupling
is unclear.

3.

3.1.

DISCUSSION

Estimates of Eddy Size and Translational Motion

It is difficult to accurately estimatethe horizontal extent of
small Arctic eddies because of the irregular drift track of the
ice, and the possibility of significant translational motion of
the eddy. However, we show below that with two assumptions about the present eddy, namely, that it is axisymmetric
and has a core in solid body rotation, we can obtain an
estimate of the core radius, the total radius, and the eddy's
translational motion. The above assumptionsare based on
D'Asaro's [1988a] findings from helicopter surveys of an
anticyclonic eddy found near the AIWEX camp.
The local current magnitude maxima near z - 115 m at t 115.5 and 116.0 are two crossings of the radius of maximum
velocity, r = r0, since the isopycnal displacementsbetween
these two points indicate a closer approach to the eddy axis
(see Figures 3 and 4). With the assumption that the eddy

core, definedas r < r0, is in solidbody rotation, we estimate
r0 from a comparison of ADCP measurementswith velocities calculated from cyclogeostrophyand measured horizontal density gradients. From the hydrographic data (Figures 3
and 4) the closest approach to the eddy axis is near t = 115.7;

+f

az

(2)

where p(r, z) is the density, P0 is a reference density,f is the
Coriolis parameter, and Va is positive for a cyclonic eddy.
The assumption of constant f is reasonable given the small
horizontal scale of the eddy. The ADCP data can be used to
estimateVa and ava/az, while ap is given by the horizontal
density difference between the two hydrographic profiles at
t = 115.7and 116.0. Equation(2) can then be solvedfor r0 at
each depth for which the ADCP measurementsare independent. We restrict the analysis to the range 64 < z < 180 m (16
independent depths), where the azimuthal velocities are
much higher than the probable non-eddy related baroclinic
currents.

underlying velocity field is occurring, although e is only 4 x

-g

Three

more estimates

around

z =

115 m are

excluded because the small vertical shear at this depth
prevents a reliable solution to (2). The average of the 13
remainingestimatesof r0 is 7 km, with a standarddeviation
of 2 km. There is no significantdepth dependencein ro(z).
Significant isopycnal displacements below 270 m are not
correlated with large current shear because N is small, so
that ap/ar is also small.
The measured ice drift track, the difference in the current

directionbetweenthe two crossingsof r0 (see Figure 1), and
the axisymmetric assumptionimply a mean eddy translation

velocityVtran
s of about0.08 m s-1 towardthe northor
northwest. From repeated observations of particular eddies
during AIDJEX, Manley and Hunkins [1985] suggest that
eddies move with the Beaufort gyre circulation on long time
scales, and are coupled on shorter time scales(several days)
to wind forcing, a result which D'Asaro [1988a] also found
from repeated surveys of an anticyclonic eddy near the
AIWEX camp. The present study suggeststhat the eddy is
moving across the Beaufort gyre streamlines [Newton et al.,
1974], and also approximately perpendicular to the ice drift.
However, prior to entering the eddy's velocity field, there

wasa meannorthward
flowof about0.1 m s- 1presentin the
upper 300 m, while after leaving the eddy this mean flow was
absent (Figure 1). The eddy therefore appears to be moving
northward at the edge of a larger scale feature in the dynamic
topography, although the lack of hydrographic data below
400 m precludes an adequate assessmentof the large-scale
geostrophicflow field. Straining of the eddy by a larger-scale
horizontal shear field may also invalidate the axisymmetric
assumption.
An independentestimate for Vtran
s can be made from the
temporal lags observed as the horizontal array of moored
temperature sensors near 250 m drifted through the eddy.
The array configuration is shown in Figure 2 and the signals
at the three outer sensors are shown in Figure 7. Eddy
translation relative to the ice was first estimated as the array
entered the eddy core, then again as it left the eddy core. For
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AIWEXOuter Trionglefiltered with 1 hour cutoff
-0.40
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•E-0.70
-0.80
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24 APR 85
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26 APR 85

Fig. 7. Examples
of temporal
lagsbetween
250-mtemperature
sensors
duringthetransect
across
theeddy.Locations
of sensorsare shownin Figure 2.

each case, the direction and speed of eddy motion was whereEtot = KEtot + APE is the total energyanomalyof the
determinedby minimizationof the speedvariancefrom all eddy, and Eto
t is the volume-integrateddissipationrate.
availablesensorpairsas a functionof eddyedgeorientation. KEtot is the volume-integratedkinetic energy,
The ice velocitywas then addedto give the absoluteeddy
translationvelocity.The two estimatesof Z•tran
s are 0.08 m

KEtot
=fv«pva•
dV

s-• towardNNE, and0.06m s-• towardNNW. Potential
sourcesof error include ignoringeddy curvature, internal
wave displacementof isopycnals,and small vertical excursionsof the sensorsfrom current drag on the moorings.
However, the agreementwith the previousestimatebased
on assumededdy geometry and cyclogeostrophysuggests
that we havea reasonableunderstanding
of the eddysizeand

(4)

where V is the Volumeof the eddy. The APE is the available
potentialenergyof the eddy, calculatednumericallyfollowing the suggestionsof Hebert [1988] for the model eddy
discussedabove. The eddy is divided horizontallyinto 85

motion.

If Z•tran
s is assumedconstantfrom t = 116.0to t = 116.85,
the approximatelimit of currentsattributableto the eddy,
the total radius,r•, is about6 km greaterthan ro. These
113

resultsare summarizedin Figure 8, which showsthe ice drift
relative to the eddy center, assumingan eddy translation

velocityof 0.08m s-• towardtruenorth.

10
I

km
I

With the aboveestimateof r0, the Rossbynumberevalu-

atedat 115m, Rv = 21Uma•l/fro
----0,75,i.e., the centrifugal
correctionto geostrophyin (2) will be importantover much
of thedepthrangeof theeddy.The aspectratioof previously
documentedArctic SCVs appearsapproximatelyconstant,

with a Burgernumber,B = (NH/fL)2 of aboutunity
[D'Asaro, 1988a], where H and L are characteristicvertical

andhorizontallengthscales,respectively.Usingthe separation betweenthe depthsof maximumisopycnaldisplace-

ment,about100m, forH, N = 0.01s-1, andL = 2r0,B •0.24, althoughwith the aboveuncertaintyof -+2 km in r0,
0.15 < B < 0.5, comparableto D'Asaro's [1988a] tabulated

values.However, whereN(r, z) variessignificantly,asin the
present study, it is difficult to estimate H and therefore B.

3.2.

Eddy Energy Balance

A time scale for eddy decay is
t e = Etot/t•tot

Fig. 8. Camp drift relative to the eddy, assumingthe eddy is
(3)

driftingnorthwardat 0.08m s-1 . Vectorsindicateabsolute
currents
at 115 m from the ADCP.
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annulaefrom the center to the far field for 60 depth intervals level for r > ro. The volume-integrateddissipationrate is
from the surface to 300 m, i.e., encompassingthe entire between
8.4 x 103and1.8 x 104W depending
onwhether
depth range in which isopycnal displacementsare signifi- noiselevel dissipationsare set to zero or as measured,giving
cant, for a total of 5100 annulae. The outermost annulae a decaytime scalet• of about 10 years. This decaytime scale
represent the background density field for a basin of finite is insensitiveto errors in r0 and r] becauseof the simple
radius into which the eddy would gravitationallycollapseif spatialdependenceassumedfor e(r, z). We emphasizethat t•
its velocity field was removed. The volume and meandensity is applicableonly to the eddy as observed:Time-dependent
of each annulus are determined, and the thickness that each external conditions, such as higher internal wave shear
annulus would have after spreadinginto a uniformly thick variance leading to a greater probability of mixing, might
disc throughout the basin is calculated. The 5100 resultant lead to much faster time-averaged decay rates than were
discs are then reordered in depth to a monotonic density observed.
profile, with the APE being the difference between the
The vertical shearsassociatedwith the eddy velocity field
potentialenergiesof theoriginalandreorderedstates.While suggest that shear instability is a possible cause of the
the best estimateof the APE is for collapseof the eddy into subsurfacedissipationrate maxima (Figure 6). Hourly averan infinitely large basin, because of round-off errors in the ages of ADCP shear magnitude[U z] and buoyancyfrenumerical computation, the APE estimate diverges as the quency N from the APS, averaged vertically over 8 m, are
horizontal scale of the far field is increasedbeyond a certain combined to create a transect of Richardson number, Ri value [Hebert, 1988]. We therefore calculate the APE over a N2/IUz]
2. It isusualto assume
thata lowvalueof Richard-

rangeof far-fieldradii, adjustedby increasingthe width of

sonnumber,
lessthan•, implies
thatinitially
infinitesimal

the outermost annulae, then take as the best estimate the
asymptoticlimit of APE prior to numerical divergence.To
study the uncertainty in the APE estimate, the number of
radial and depth bins was modified, and a check made of the

perturbations of the density field can be amplified by the
local shear until a gravitationally unstable overturn is created. However, when the averagingscalesare larger than a

final integratedvolume of the discs comparedwith the

turbulencehas decayedto below the averagingscalefor Ri,

volume of the model basin. From these studies, numerical
errors may be 20% of the calculated APE. The model

axisymmetriceddy with r0 = 7 km and total radiusr] = 13
km, and linear velocity profiles above and below 115 m
decayingto zero at 30 and 270 m, has a total kinetic energy

typicalmixingevent,or afterthe outerverticalscaleof the

mean
Richardson
numbers
greater
than2maystillbeaccompanied by significantmixing [Padman and Jones, 1985].
AveragedRichardsonnumberis thereforeusedqualitatively
only, to indicate the most likely locations of mixing events.
Values ofRi < 10 are found only in the eddy core. Vertical

of about1.5 x 10]2J andanAPE of about2.9 x 10]2J, for profilesof Iuzl, N, Ri, ande averaged
overall profileswithin
a total energyanomalyof 4.4 x 10]: J. The resultant the core are shown in Figure 9. There is no obvious
"energy" Burger number, Be = KEtot/APE is about 0.5,
significantlyless than the typical values quoted by D'Asaro
[1988a]. Various other functionalforms for the eddy's radial
velocity dependencestill producevaluesof Be < 1.
Dissipation rates in the model eddy are assumedto be a
constant value in the eddy core (the mean value from
measurementsfor r < r0), and either zero or at the noise

relationshipbetween sites of high e and low Ri, although
there is a suggestionthat large dissipationrates are related to
regions of small mean shear (the upper region of high e
occursbetween zones of high shear, while the lower region

is boundedaboveby a high shearzone).One plausible
scenario is that the observed regions of large e are the
remnants of recent, much more energetic mixing events at
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Value

Depth of maximum velocity

115 m

Depthrangefor IUI > 0.05m s-1

40 < z < 250 m

Radius of maximum velocity, r0
Maximum radius, Rmax

7+2km
13 + 4km
0.75
0.24

RossbynumberR = Ielmax/ro
f
Stratification Burger number, B
Total kinetic energy, KEtot
Available potential energy, APE
Energy Burger number, Be
Total energy, Etot = KEtot q- APE
Volume-integrated dissipationrate, trto
t
Dissipationtime scale, t• = Etot/trto
t

1.5 x 1012J
2.9 x 10•2 J

(VHU = {Ou/Ox+ Ov/Oy}< 0) for r < r0, while for r > r0, VHU
may be either positive or negative depending on the radial
decayrate of azimuthalvelocity. For our model eddy with va

0.5

4.4 x 1012J

(1.3 -+ 0.5) x 104W
10 years

decayinglinearlyfor r 0 < r < r l, V/•u is positive(divergent)
in this region, although the extension of the freshwater pool
to r > r0 suggeststhat the flow is actually convergent.For r
> rl, the flow is expected to be nondivergenton scales
smaller

these depths, which had locally homogenized the momentum. A corollary to this hypothesis is that the time-averaged
dissipation rate is much larger than the measured rate
becauseof the importance of suchintermittent but energetic
mixing events. Correspondingly,the mean dissipationdecay
time scale will be much shorter than suggestedabove.
A summary of the eddy's properties is given in Table 1.
3.3.

Interaction of the Eddy With the Environment

3.3.1. Surface layer dynamics. A transect of salinity at
10 m depth from the APS (Figure 10) shows a decrease of
about 0.4 practical salinity units (psu) over the eddy, concurrent with an increase in T, which remains near 0.01øC

above the freezing point for the observed salinities. Relatively fresh water is produced by the melting of ice, and the
production rate increases with the stress at the ice/water
interface [McPhee et al., 1987], sincethe supplyof heat from
the warmer water underlying the surface layer depends on
the intensity of turbulent mixing in the surface layer. While
no dissipation rates can be estimated for 0 < z < 20 m

• -1.58

E

•- -1.63

--

,

,

,

,

ARCTIC EDDY

because of instrument motion, the averaged dissipationrate
profiles below this depth (Figure 6) suggesta similar turbulent stressnear the ice/water interface for all four averaging
regions, including the far field, which implies similar freshwater production rates within and outside the eddy. However, the stress applied by the ice to the upper edge of a
nontranslatingcyclonic SCV produces an inward mass flux
in the surface layer. This flow is horizontally convergent

Properties of the AIWEX Camp Eddy

Parameter

OF A CYCLONIC

,

than the coherence

scales of the wind

stress. The

result of this flow pattern is to advect fresh surface water
into the eddy core; conservation of mass implies a down-

welling to balanceV/•u. T. Manley (personalcommunication, 1989) has suggestedthat the fresh water represents a
pooling of fluid which is too buoyant to be downwelled.
The addition of an eddy translation velocity relative to the
ice introduces an asymmetry into the horizontal divergence
field, and hence to the distribution of upwelling velocity.
More importantly, the higher surface stresses associated
with relative

ice motion

increase

the rate at which

momen-

tum is lost from an eddy, and Ou and Gordon [1986] find a
decay time scale of only a few days after an initially
surface-intensifiededdy in open water moves under the ice
cover. This occurs not only through frictional losses at the
ice/water interface, but also through the vertical advection
required to balancethe horizontal divergences.Both the low
observed near-surface dissipation rates and the assumed
long life time of the eddy indicate that the momentum loss at
the surfacewas negligibleat the time the eddy was observed.
It is probable that part of the stress balance in the surface
layer is the radial pressure gradient, establishedinitially by
the surface stress, and enhanced by the resultant radial
density gradient.
3.3.2. Critical layer absorption of internal wave momentum. Critical layer absorption of internal wave momentum
can occur where the intrinsicfrequency of a wave, •oi = •ok. u, becomes equal to +f. Internal waves generated by
form drag resulting from the relative motion of under-ice

topography
areexpected
tohavephase
velocities,
Cp= o/Ikl,
approximately equal to the ice velocity. In the Canada

30.0

Basin,awayfromeddiesandcoastalboundarycurrents,Cp
is usuallygreaterthan lul at all depths;thereforethe wave

29.2

24.1

23.5
112

,

I
114

•

I
116

Day-of-year

•

I
118

•

I
120

(1985)

Fig. 10. Temperature, T, salinity, S, and density, o-t, at 10 m
depth. The eddy core is between t = 115.5 and t = 116.0.

energy may penetrate to the seabed. However, near energetic features, wave absorption may occur much closer to
the surface, depositing momentum into the upper pycnocline. Furthermore, the selective absorption of wave numbers with componentsin the direction of the flow provides a
mechanism for maintenance or even growth of the kinetic
energy anomaly, since the absorbed momentum is always of
the same sign as the existing velocity; wave momentum
which could deaccelerate the flow either passesthrough the
region of high current speed, or is reflected because of
variations in buoyancy frequency and vertical shear.
In an SCV, the effect of critical layer absorptionis to apply
a torque in the direction of eddy rotation, i.e., in the absence
of competing decay processes, the eddy rotation speed
would increase. To quantify this effect, we estimate the
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propagatingwaves. Kunze and Miiller [1989] argue that, at
least for a relatively simple two-dimensional geometry, the
important balance in the momentumequation
Du
O(u'w')
• -fv = •
Dt

Oz

(6)

where u is aligned with the local shear and O(u'w')/Ozis the
divergenceof the wave Reynolds stress, is actually between
the stressdivergence and an "Ekman" flow, v, normal to the
geostrophicflow. While their results are not formally applicable to the complex, three-dimensionaleddy geometry, this
interpretationimplies a modificationof the SCV' s horizontal

1 0 -s

scale, L, with an estimated time scale of

tE = LHf/Flost

(7)

where H is a vertical length scale. Then for L = 5 km, H -

100 m, and the above value of Flost, tœ = 30 days. Critical
layer absorptiontherefore dominatesthe observedturbulent
O.Ol
o.1
1
dissipation in the kinetic energy budget, regardless of
Speed (rn s-•)
whether the principal balance in (6) is with the acceleration
or an Ekman flow term. However, a more plausible hypothFig. 11. Momentum flux lost to critical layer absorptionversus
maximum current speed(from (5)), for a range of {N) characteristic esis, consistent with the suggestionin section 3.2 that the
depthsof enhanceddissipationrates are simply the remnants
of the Arctic density stratification.
of much more energetic mixing events, is that such accelerations are limited by intermittent instability in the eddy's
vertical flux of momentum through a model internal wave sheared velocity field. We propose, therefore, that the
field which differs from the form proposedby Munk [1981] time-averageddissipationrate is sufficientlylarge to balance
-1
the rate of absorption of internal wave momentum flux.
only in that the frequency spectrum is proportional to o•
ratherthano•-2 [Levineet al., 1987],basedon the moored Absorption may be at least partially offset by reradiation
temperature and conductivity data. Other parameters are through the collapse of developing instabilities in the mean
obtained from moored coherence estimates [Levine, 1990]. flow, while reflection by the vertical gradients in N will
We follow the basic argumentsof Ruddick [ 1980] to estimate reduce the available wave momentum flux for absorption
deeper in the eddy. As well, the eddy diameter and height
the fraction of the total downward momentum flux near the
are
comparable to the larger horizontal and vertical wavesurface which is absorbed given a maximum subsurface
lengths
in the model internal wave field, complicating the
velocityof • m s-• . Thelostmomentum
flux,Flost,isgiven
mechanisms of mean shear/wave interaction. However,
by a nonseparable triple integral in o•, horizontal wave
number, and the relative angle between the current and the even a very inefficient transfer of momentum from the
internal waves to the mean flow would exceed the observed
wave momentum [Ruddick, 1980, equation (10)]. This intekinetic energy dissipationrates. Also note that if the vertical
gral reduces approximately to an integral in o•only.
momentumflux has a peak at phasevelocities comparableto
the relative ice motion, then variability in ice drift will be
seenas a variation in the depth of optimum absorption. That
the two high-dissipation rate peaks near 60 and 180 m
correspondto eddy azimuthal velocities between 0.1 and 0.2

10 -• ,

•

'• .... ,

•

'• ....

• Eo ffN

Flost
NoU
In(2N/f) dw

ß{[•o9(1+ U) 9_
_ 2•of+ f9(1- U9)]]/9_
_ •o+ f}(•o9_
_ f9) - ]/9_ ms-• comparable
to meanicedriftrates,maybefortuitous,
(5)

but suggeststhat this mechanism is worthy of further research.

whereE0 is thekineticenergydensity,1.5 x 10-4 m2 s-2,
No = 0.0052s-1, N isthelocalbuoyancy
frequency,
andU
= •/t•, where t• = Nob/½rj*,b is a depthscale, 1300m, andj,
is the equivalent number of modes in vertical wave number

4.

SUMMARY

space, j, = 30 from Levine [1990]. Equation (5) can be
evaluated numerically, and the results are shown in Figure
11for a range of N spanningthe observedstratificationin the

A study of a cyclonic, baroclinic, submesoscale eddy
which was crossedby the AIWEX ice camp in the Canada
Basin in April 1985 has shown the following.
1. The eddy has a radius of maximum velocity, r0, of

Canada

about 7 +_2 km, and a total radius of about 13 km. Azimuthal

Basin.

For the observedmaximum speedin the SCV, • = 0.38 m

velocity decays from a maximum at about 115 m depth, to

S-1, Flost= 2.5 x 10-5 m2 s-2. Assuming
thisabsorptionalmost
occurs uniformly from the base of the mixed layer at 20 m to
the depth of maximum velocity near 115 m, an acceleration

ofalw = 2.5 x 10-7 ms-2 isimplied,
corresponding
toa time
scale •/2a/w • 10 days. Comparableabsorptionmay occur
in the lower section of the eddy by absorptionof upward

zero at 30 m and 270 m.

2. The water in the mixed layer above the eddy is
anomalously fresh, consistent with the pooling and entrapment of fresh water by a horizontally convergent surface
layer velocity field.
3. At the time it was observed, the eddy was moving
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approximately
northward
at 0.08 m s-• perpendicular
to
both the basin-scaledynamic topographyand the ice motion,
but consistentwith measured currents prior to the camp's
passagethrough the eddy.
4. Dissipation rates were above the instrument's noise
level in the upper 70 m throughout the transect, and near 60
and 180m within the eddy core (r < r0). Sincethe subsurface
dissipation maxima do not correspond to regions of low
Richardson number, but are coincident with low shear, the
observeddissipationrates appear to be the remnantsof more
energetic mixing events.

5. The total energyof the eddyis about5 x 10•2 J,
which, given the observed dissipation rates, suggests a
decay time scale of O(10) years.
6. Estimates of the rate of critical layer absorption of
downward propagating internal wave momentum indicate
that this absorption may be an important term in the total
energy balance of the eddy, given the low observed dissipation rates.

Validation of our hypothesisthat the eddy's vorticity field
is maintained by critical layer absorption of internal gravity
wave momentum would require repeated observationsof the
same eddy over a period of several months, a particularly
challenging problem in ice-covered seas. However, the
mechanism does help explain the long lives of the Canada
Basin eddies, and provides the means to maintain an energetic eddy even while its TS signatureis eroded by turbulent
diffusion.
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