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Vertical scales and dynamics of eddies in the Arctic Ocean’s
Canada Basin

Mengnan Zhao' and Mary-Louise Timmermans

"Department of Geology and Geophysics, Yale University, New Haven, Connecticut, USA

Abstract Adecade of moored measurements from the Arctic Ocean’s northwestern Beaufort Gyre
(collected as a component of the Beaufort Gyre Exploration Project) are analyzed to examine the range of
mesoscale eddies over the water column and the dynamical processes that set eddy vertical scales. A total
of 58 eddies were identified in the moored record, all anticyclones with azimuthal velocities ranging from
10 to 43 cm/s. These are divided into three classes based on core depths. Shallow eddies (core depths
around 120 m) are shown to be vertically confined by the strong stratification of the halocline; typical
thicknesses are around 100 m. Deep eddies (core depths around 1200 m) are much taller (thicknesses
around 1300 m) owing to the weaker stratification at depth, consistent with a previous study. Eddies
centered around mid-depths all have two cores (vertically aligned and separated in depth) characterized by
velocity maxima and anomalous temperature and salinity properties. One core is located at the base of the
halocline (around 200 m depth) and the other at the depth of the Atlantic Water layer (around 400 m
depth). These double-core eddies have vertical scales between those of the shallow and deep eddies. The
strongly decreasing stratification in their depth range motivates a derivation for the quasi-geostrophic
adjustment of a nonuniformly stratified water column to a potential vorticity anomaly. The result aids in
interpreting the dynamics and origins of the double-core eddies, providing insightinto transport acrossa
major water mass front separating Canadian and Eurasian Water.

1. Introduction

Eddies are ubiquitous in the ocean, and contribute to ocean stirring and mixing, transporting heat,

nutrients, and other water properties [e.g., Flor, 2010; Mathis etal., 2007; Nishino etal., 2011; Watanabe etal.,

2014]. Eddies provide an important link between ocean basin boundaries and the interior, and the study of
their properties and origins can shed light on the variability of their originating boundary currents and
fronts. This has been shown in the Arctic Ocean where mesoscale eddies at all depths in the water column
have been observed and studied, with the most prevalent eddy types being eddies in the Canada Basin
halocline, mostly centered between around 30 and 300 m depth [e.g., Hunkins, 1974; Newton et al., 1974;
Manley and Hunkins, 1985; D'Asaro, 1988; Padman et al., 1990; Muench et al., 2000; Pickart et al., 2005; Spall
etal., 2008; Pickart and Stossmeister, 2008; Timmermans et al., 2008; Zhao etal., 2014; Watanabe etal., 2014].
Study of these eddies has provided insight into boundary current instabilities and halocline ventilation proc-
esses [e.g., Pickart etal., 2005; Pickart and Stossmeister, 2008; Spall et al., 2008], baroclinic instability of surface
fronts [e.g., Timmermans etal., 2008], and transport of biological species [e.g., Watanabe etal., 2014].

In a recent study, Zhao et al. [2014] analyzed Ice-Tethered Profiler (ITP, www.whoi.edu/itp) [Krishfield et al.,
2008] data to obtain a synthesis of the Arctic-wide halocline eddy field sampled over a decade from 2004.
Eddies were found to be dominated by cold-core anticyclones with horizontal scales comparable to the first
baroclinic deformation radius (8 to 14 km from the Eurasian Basin to the Canadian Basin) [Zhao et al.,
2014]. Halocline eddy azimuthal velocities ranged between 10 cm/s and more than 30 cm/s, and lifetimes
were estimated to be from months to years. The distribution of eddies (127 in total) satisfied a robust rela-
tionship betvigmmmmmmmmmhickness-to-radius ratio (H/R) and the ambient water column stratification
N (where N5~ 2 §§=q ,fiq=@z is the buoyancy frequency, and q is a reference density) around the depth
level of the eddy cores, with H=R / f=N, where fis the Coriolis parameter [Zhao et al., 2014]. This is consist-
ent with the dynamical adjustment of the water column to a potential vorticity anomaly [e.g., Carpenter and
Timmermans, 2012]. Mean eddy thicknesses in the Canada Basin halocline were found to be around 95 m
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[Zhao et al., 2014]. In the Canada Basin, the shallowest eddies were consistent with origins related to insta-
bility of a surface front in the northern sector of the basin, while deeper halocline eddies (most prevalent in
the southwestern basin) were likely generated by instability of boundary currents associated with Pacific
Water inflows.

Much deeper anticyclones in the Canada Basin, centered rv1200 m depth, have been measured by a moor-
ing in a region just northeast of the Chukchi Borderlands [Carpenter and Timmermans, 2012]. Carpenter and
Timmermans [2012] put forward a formation mechanism for these eddies by dense outflows from the Chuk-
chi Borderland region into the more strongly stratified Canada Basin interior. They showed that dynamical
adjustment of the weak ambient water stratification at depth in the basin results in tall eddies with thick-
nesses rv1300 m. Shallower than this, warm-core anticyclones have been sampled at rv400 m depth in the
Atlantic Water layer (e.g., Y. Bebieva and M.-L. Timmermans, An examination of double-diffusive processes
in a mesoscale eddy in the Arctic Ocean, submitted to Journal of Geophysical Research, 2015), although they
are less prevalent than the other eddy types.

While a variety of eddy types have been examined in the Canada Basin, this analysis is motivated by our
observation of a new type of eddy that has not one azimuthal velocity maximum in the vertical (as do the
halocline and deep eddies described above) but two maxima separated by a depth range of weaker azi-
muthal velocity. They are also characterized by anomalous core temperature and salinity properties at the
depths of each of the azimuthal velocity maxima. We explain the origins and dynamics of these eddies
(which we refer to as double-core eddies), and setthem in context with the properties of other eddies. We
show how double-core eddies have influence throughout multiple water mass layers.

The range of eddy types (at all depths) is investigated here through an analysis of moored measurements in
the northwest Canada Basin. We analyze temperature, salinity, pressure, and velocity data from a mooring
deployed as part of the Beaufort Gyre Exploration Project (BGEP, http://www.whoi.edu/beaufortgyre) [Prosh-
utinsky et al., 2009]. Mooring measurements as well as hydrographic data used to supplement the moored
measurements are described in section 2, where we also describe the regional water masses relevant to the
variety of eddies studied here. In section 3, we summarize the range of eddy types sampled by the mooring,
focusing our attention on the group of distinct double-core eddies. The vertical structure of eddy azimuthal
velocity is analyzed in context with the ambient water stratification in section 4; this requires an extension
of the formalism of Carpenter and Timmermans [2012] to account for nonuniform ambient water stratifica-
tion. A possible formation mechanism for the double-core eddies is then put forward. Our results are sum-
marized and discussed in section 5.

2. Measurements and Water-Column Structure

2.1. Moored Measurements

We analyze data from 2003 to 2012 from one of 4 BGEP moorings (Mooring B) deployed in the Canada Basin
(at 788N, 1508W, to the northeast of the Northwind Ridge, Figure 1a). In addition to other instrumentation,
the mooring includes a McLane Moored Profiler (MMP) profiling between rv50 m (to avoid deeper ice keels
closer to the surface) and rv2050 m with water-column profiles of the two components of horizontal veloc-
ity, temperature, salinity, and pressure at profiling intervals of 6 and then 48 h [Proshutinsky et al., 2009].
Data have a vertical resolution of 2 dbar.

Mooring B sampled more mesoscale eddies (at all depths) than any of the other three BGEP moorings [Car-
penter and Timmermans, 2012], likely because it is situated in the vicinity of complex topography and near
the confluence of boundary currents of Pacific and Atlantic origin. Further, the region will be shown to be
of particular relevance to the double-core eddies. The extensive depth range of the MMP profiles allows for
a comprehensive analysis of different classes of eddies over (effectively) the full water column, and the
velocity measurements provide essential information on eddy dynamics. Although the sample location is
restricted, the 9 year duration of the mooring record to some extent guarantees that the majority of eddy
types in the Beaufort Gyre region are sampled.

2.2. Hydrographic Measurements
To supplement the mooring measurements and aid in interpretation of eddy origins, CTD data from the
World Ocean Database (WOD) and the ChukchiBorderland Expeditionin 2002 (CBL2002) are analyzed;
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Figure 1. (a) Map of the Canada Basin showing the bathymetry in the vicinity of Mooring B (marked by the yellow star). (b) Typical Canadian Water profile (solid lines) on 27 August
2002 at the location marked by the black cross in Figure 1a, and typical Eurasian Water profile (dashed lines) on 31 August 2002 at the location marked by the black diamond in Figure
1a. Potential temperature (8C) profiles are red and salinity profiles are blue. (c) Probability density function (PDF) of velocity magnitude (cm/s) for the entire Mooring Brecord at the
depths shown (bin size 1 cm/s); (d) time-averaged velocity over August 2003 to August 2012 at the depths shown for the Mooring B record excluding eddies.

these cover the western Canada Basin and Chukchi Borderland/Mendeleev Ridge complex region. WOD
CTD profiles include data from buoys, ships, and other instruments (including Ice-Tethered Profilers) and
are available from the National Oceanic Data Center: https://www.nodc.noaa.gov/OC5/WOD13. Given spa-
tial and temporal limitations of the hydrographic data in the region, we consider WOD CTD profiles from
1993 to 2012 to obtain a sufficiently comprehensive picture of water mass distributions. CBL2002 data were
downloaded from ftp://pscftp.apl.washington.edu/CBL2002Archive/CBLCTDandBottledataasjoa.

2.3. Regional Water Masses
The basic temperature-salinity (T-S) structure in the Canada Basin in the vicinity of Mooring B (Figure 1b,
solid lines) is as follows. Below the surface mixed layer are water masses of Pacific Ocean origin that
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Figure 2. Potential temperature (8C) at (a) S 5 34 and (b) $ 5 34.85 from WOD data
between 1993 and 2012 and CBL2002 CTD measurements. The yellow star indicates the
location of Mooring B. (c) Potential temperature (8C) section across the Eurasian/Canadian
Water front (at rv400 km), with Eurasian Water on the left (the section is from CTD
measurements in 2000 and is from north (left) to south, shown by the white frame in
Figure 2a). Isohalines are also shown atintervals of 0.2, with grey lines marking $5 33.8
and $ 5 34.2 encompassing the shallow core water of the mid-depth eddies; temperature
has little effect on density at these low temperatures, and isohalines follow the same
structure as isopycnals.

comprise the halocline. The
shallowest Pacific Summer
Water has two branches: Alas-
kan Coastal Water (S ¢ 31-32)
around 50 m and Bering Strait
Water (typically with S ¢ 32-33)
at rv100 m depth, although the
strengths and depths of these
branches differ in time and
region and sometimes only one
branch exists; recent years have
seen some changes in these
water masses [e.g., Timmermans
et al,, 2014]. The deeper Pacific
Winter Water, modified over the
Chukchi Sea in winter, centers
around 150 m, with T:S21:5°C
and S ¢ 33 [e.g., Coachman
et al,, 1975]. The basic velocity
structure (to be discussed in the
next section) shows a clear sep-
aration between these upper
water layers and deeper water
(Figure 1c). Atlantic Water lies
below the Pacific Water layers,
with a core at rv400 m depth
(with T @ 0:8°C and S ¢ 34.85).
This structure represents the
typical Canadian Water column,
distinct from the Eurasian Water
column with its cold halocline
(Figure 1b, dashed lines). The
Eurasian Water sees little influ-
ence from warm Pacific inflows
and is colder (with tempera-
tures around 221.58C) in the
lower halocline (S ¢ 34) com-
pared to the Canadian Water
[e.g., Aagaard etal., 1981].

The distribution of water
masses shows the Canadian
Water (i.e., Pacific Water influ-
ence) to the west of Mooring B
in the southern part of the
Chukchi Borderland/Mendeleev
Ridge region (Figure 2a). The
higher temperature at S ¢ 34in
this region (of relevance to the
double-core eddies, as will be
shown later) has been attrib-
uted to mixing between the
cool Pacific Winter Water and
warmer upwelled Atlantic Water
over the Chukchi Shelf [see
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Woodgate et al., 2005]. The Eurasian Water characterized by the cold halocline is observed to the north of
this region.

There is a general cooling pattern of the Atlantic Water temperature maximum (on S 5 34.85) from west to
east (Figure 2b), implying the path of the Atlantic Water (and its intrusions) from the boundary regions to
the east. Woodgate et al. [2007] examined the Atlantic Water temperature in the region from 1993 to 2002
(see their Figure 2), and concluded a general warming trend over this time, but that the Atlantic Water in
the northern Chukchi Borderland/Mendeleev Ridge region shows large variations in temperature possibly
owing to the complex topography (and therefore circuitous topographically steered Atlantic Water bound-
ary current) in the region.

The distinguishing properties between Canadian and Eurasian Waters naturally constitute a front along their
boundary (Figure 2c). On the Eurasian side of the front, the halocline is cooler compared to the Canadian
Water side, while the core of the Atlantic Water layer is warmer and shallower. Eddies can be generated by
baroclinic instability of the front, which we will show in section 4.2.1 s particularly relevant to the formation
and dynamics of the double-core eddies.

3. Eddy Classification and Properties

Eddies are detected by the presence of large horizontal speeds accompanied by isopycnal displacements
and T-S anomalies. Based on past findings, we set this speed criterion to be 10 cm/s [e.g., Hunkins, 1974;
Padman et al., 1990; Zhao et al., 2014]. This critical speed is significantly faster than the typical background
flow speeds at the mooring site (i.e., geostrophic, tidal, and wind-driven flows). Velocity magnitudes for the
entire 9 year mooring record show median values rv5 cm/s at shallow depths (<200 m) and rv2 cm/s at
depths >200 m (Figure 1c). Median values are less than 0.7 cm/s slower when profiles with speeds >10 cm/s
are removed from the record before the calculation. In most instances of speeds above the threshold of
10 cm/s, anomalous eddy core T-S properties and isopycnal displacements are prominent (Figures 3a and
3b; these features were employed for the detection of eddies by Zhao et al. [2014] in the absence of velocity
information). The temperature and salinity of an eddy core are taken to be where the isopycnal field shows
the most pronounced displacement and largest potential temperature anomaly from the ambient water.
The measured eastward and northward velocities as well as isopycnal displacements (with a convex-lens
shape for anticyclones) clearly show the rotational directions of eddies sampled. When speeds faster than
10 cm/s are not accompanied by obvious isopycnal displacements or anomalous temperature, it is possible
that an eddy edge skirted the mooring and its core was not sampled. Tidal currents may be another source
of large velocities. Although the semidiurnal tidal flows are not well resolved by the Mooring B MMP profil-
ing pattern, previous studies suggest tidal flows are smaller than 10 cm/s in the vicinity of Mooring B, with
semidiurnal tidal currents in the region typically around 2 cm/s [Kowalik and Proshutinsky, 1994; Pluedde-
mann et al., 1998]. Eddies appear to contribute to most of the kinetic energy of the water column (Figure 3).

Eddies can be categorized into three classes based on their depth ranges (Figure 4): shallow eddies at
depths above 200 m, mid-depth eddies between about 200 and 1000 m, and deep eddies with core depths
below 1000 m. A total of 31 shallow eddies (e.g., Figures 4a and 4d), 6 mid-depth eddies (e.g., Figures 4b
and 4e) and 21 deep eddies (e.g., Figures 4c and 4f) were sampled by Mooring B between August 2003 and
August 2012. All eddies are anticyclones, consistent with the predominance of anticyclones documented in
past studies. The reason for the much larger proportion of anticyclones compared to cyclones in the Canada
Basin remains unclear; elsewhere in the world ocean, Chelton et al. [2011] show that anticyclones dominate
the field of long-lived eddies (i.e., in general, anticyclones decay more slowly than cyclones).

Eddy core T-S (Figure 5) indicate different source waters and likely also formation mechanisms for the three
classes of eddies. Most shallow eddies have anomalously cold cores (Figure 5, blue triangles), with their
core T-Sindicating origins of instability of Pacific Winter Water boundary currents (eddies with core salinities
around 33), and instability of a northern Canada Basin surface front with fresher core salinity and near-
freezing temperature, asfound in multiple previous studies [e.g., Pickart et al., 2005; Pickart and Stossmeister,

2008; Timmermans et al., 2008; Zhao et al., 2014]. Three shallow eddies have warm cores (Figure 5, blue tri-
angles warmer than 20.58C), possibly sourced from Pacific Summer Water boundary currents [Pickart and
Stossmeister, 2008; Zhao et al., 2014]. Deep eddies in the record were those analyzed by Carpenter and
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Figure 3. (a) Horizontal velocity magnitude (cm/s) and (b) potential temperature (8C) from Mooring B sampled from August 2003 to August
2012. Isopycnals are shown in Figure 3b chosen to have equal intervals of 80 m at the first profile. The grey areas indicate time ranges
without measurements. The high-velocity regions, anomalous temperature, and convex-shaped isopycnal displacements indicate the
presence of an eddy; blue triangles rgark shallow eddies, magenta diamonds mark mid-depth eddies, and red ticks mark deep eddies.

(c) Depthintegrated kinetic energy %qéuz 1v2bdz (J/m?) from 64 to 1967 m.

Timmermans [2012], hypothesized to form by dense outflows from the Chukchi Borderland region, as
described earlier.

Mid-depth eddies sampled at Mooring B extend from the bottom of the Pacific Winter Water layer to the
bottom of the Atlantic Water layer. All have unusual structures compared to the majority of anticyclones
sampled; in contrast to the shallow and deep eddies, they all have two (horizontal) velocity maxima in
depth, one at the base of the halocline (rv200 m) and the other in the Atlantic Water layer (Figure 6). We
refer to the entire (anticyclonic) structure as a single double-core eddy. To our knowledge, these eddies
have not been studied before in the Canada Basin, although it is likely that similar features would have
been sampled in previous studies if measurements extended deeper [see e.g., Hunkins, 1974]. In the Eura-
sian Basin, however, an eddy with two distinct cores (vertically aligned and centered at rv300 and rv500 m
depth) containing core water from each of two branches of Atlantic Water was identified by Dmitrenko et al.
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Figure 4. (top row) Potential temperature (8C) with isohalines overlain for an example (a)shallow eddy (sampled around 25 April 2009), (b) mid-depth eddy (sampled around 23 July
2004), and (c) deep eddy (sampled around 30 April 2006). (bottom row) Horizontal velocity (eastward u or northward v components (cm/s)) for the eddies shown in the top row ((d) shal-

low, (e) mid-depth, and (f) deep).

[2008], and believed to be generated by instabilities of a Kara Sea front separating the two Atlantic Water
masses. A few midlatitude studies document eddies with two distinct cores stacked vertically. For example,
Prater and Sanford [1994] show measurements of a Mediterranean eddy, while Lilly and Rhines [2002] show
anticyclones in the Labrador Sea, all with two distinct lenses of anomalous temperature and salinity, verti-
cally aligned; formation mechanisms are not elaborated upon in these studies.

The shallow cores of the double-core eddies (Figure 5, green diamonds) are anomalously cold with core
temperatures rv21.48C and salinities rv34, consistent with Eurasian Water properties at the base of the halo-
cline (Figure 5, dashed line). Deep cores (Figure 5, green squares) have either anomalously cold or anoma-
lously warm waters, centering around the Atlantic Water layer with deep core salinity rv34.85. The T-S
properties of the shallow cores suggest origins in the Eurasian Water in the northern region of the Mende-
leev Ridge/Chukchi Borderland complex (Figure 2), near the Eurasian/Canadian Water boundary. The heter-
ogeneous Atlantic Water temperature in the region (see section 2.3) is consistent with both the
anomalously cool and warm deeper core water, and possible formation mechanisms are discussed in the
next section.

4. Vertical Adjustment

Each class of eddy has a different vertical scale with eddies centered on weak stratification being taller than
eddies confined in the vertical by strong stratification (Figure 3). In this section, we explore the dynamical
adjustment of the water column to eddies, which first requires an assessment of eddy radii.

4.1. Eddy Horizontal Scales

To estimate eddy radii, the moored measurements spaced in time at a single location must be translated to
space, which requires knowledge of how fast an eddy translates past the mooring. It is generally under-
stood that a single eddy self-propagates due to the variation in the Coriolis parameter with latitude (i.e.,
beta-drift) and/or is advected by the background flow (for a comprehensive review see Flor [2010]); dipole
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pairs can also self-propagate [Manucharyan and Timmermans, 2013] (although no dipole pairs are observed
here, there remains a low probability [see Manucharyan and Timmermans, 2013] that the observed anticy-
clones have cyclone partners). Beta-drift in the Canada Basin is smaller than the first mode Rossby wave
phase speed given by bej (whereb is the variation of the Coriolis parameter with latitude and Ry is the
deformation radius) [Nof, 1981]. At the location of Mooring B,Ry @ 12 km [see Zhao et al., 2014], and b54:8
31022 m2' 521 at 783N, giving a beta-drift speed of about 0.1 cm/s, an order of magnitude smaller than
the background flow field (Figure 1c). Eddies may also translate due to sloping bottom topography, which
has an influence similar to the beta-effect [Nof, 1983]. However, this topographic effect is negligible at
Mooring B over the abyssal plain where the seafloor slope is less than 0.001. Therefore, it is reasonable to
attribute eddy translation past the mooring to the background flow.

The measured horizontal flow field during periods when no eddies are sampled represents the background
flow field at the mooring location, time, and depth dependent, with typical values of about 2-5 cm/s. There
is a vertical shear in the water column, with the ambient water layer-averaged velocity between 50 and
200 m about twice that in magnitude to the layer-averaged velocity in the more quiescent part of the water
column deeper than this (Figure 1c). Shallow eddies are likely to be translated by the fast ambient flow, and
deep eddies by the slower flow at depth (for example, Carpenter and Timmermans [2012] considered the
average currents over a depth range of 1100-1300 m to estimate advection speeds for the deep eddies).
The direction of the flow in both shallow and deep layers tends to be to the northeast at Mooring B in all
years, although there is significant variability (on daily time scales) in both speed and direction in both
layers. The influence of the double-core eddies is predominantly in the deeper water column (between
rv200 and rv1000 m). A reasonable assumption is that the magnitude and direction of the ambient flow is
the same over the depth range of both cores, otherwise the cores would be vertically sheared apart by dif-
fering advection speeds. To examine this, we consider an 11.25 day temporal mean (11 MMP profiles, and
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Figure 6. Profiles of (left) velocity magnitude (cm/s), (middle) potential temperature (8C), and (right) potential temperature versus salinity through the centers of two example mid-depth
(double-core) eddies; blue lines are for an eddy with an anomalously cold deep core (sampled around 23 July 2004), and red lines for an eddy with an anomalously warm deep core
(sampled 23 August 2009). Grey lines show a typical profile in the ambient water at Mooring B.

roughly the time it takes a typical eddy to transit the mooring) and layer-averaged flow fields in a layer
between 200 and 350 m depth (the depth range of the shallow core of a double-core eddy) and a layer
between 350 and 1000 m depth (the depth range of the deep eddy core). Considering the entire mooring
record (excluding eddies), the time-mean background flow varies by less than 0.3 cm/s between these
layers (and is in approximately the same direction). Therefore, we assume that the entire double-core eddy
structure is translated by the same speed (derived from the layer-averaged 11.25 day temporal mean
flow field between 200 and 1000 m preceding the eddy observation that does not show anomalously
high speeds (i.e., eddies)). Similarly, for the advection speeds of shallow and deep eddies, the layers
over which to compute the background flow (again an 11.25 day temporal mean is taken) are chosen
accordingly: 70-170 and 600-1900 m, respectively.

Velocity structure at one depth level through an eddy suggests that the idealized Rankine vortex (i.e., a solid
body core where the azimuthal velocity increases with the radius, and outside the core the azimuthal veloc-
ity increases inversely with the radius) is an appropriate model for each class of eddy sampled here [see
Zhao et al., 2014]. We use this assumption to estimate the radius of an eddy as it transects the mooring (at
the estimated advection velocity discussed above) by best fitting the measured azimuthal velocity to a Ran-
kine vortex model (following a similar procedure to Carpenter and Timmermans [2012]). In this way, assum-
ing that the eddy transects the mooring in a straight path (i.e., a chord through the eddy, not necessarily
through its center), its radius can only be estimated if two velocity maxima (of opposing signs) are meas-
ured. The result of the least squares fit is a grid in the horizontal plane with profile locations relative to an
eddy core (center) position (i.e., the MMP profiles in time through the eddy are translated to space). We
define the eddy radius R to be the distance between its estimated center location (where the Rankine vor-
tex velocity is zero) and the relative position with the largest azimuthal velocity Vp,ax.

Radii of 6 shallow eddies, 10 deep eddies, and 3 mid-depth eddies can be estimated, in general showing
larger radii for eddies with deeper cores (Figure 7). The horizontal scales of shallow eddies are around the
scale of Ry (rv12 km) at this location, consistent with eddies in the same depth range studied by Zhao et al.
[2014]. Two mid-depth double-core eddies have smaller radii in the deeper cores than the shallower cores.
The radii of the deep eddies estimated here (between 11 and 19 km) are consistent with the radii ranges
estimated by Carpenter and Timmermans [2012] (between 11 and 25 km). The primary source of error in
these radii estimates is the estimate of advection velocity. Increasing (decreasing) the advection velocity
by 1 cm/s results in an estimated eddy radius that is smaller (larger) by rv30%. Eddy Rossby numbers,
which we define as V,,,=fR (the ratio of the magnitudes of the centrifugal and Coriolis terms in the
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cyclogeostrophic momentum balance), range from 0.34 6 0.09 for the shallow eddies to 0.13 6 0.02 for the
deep eddies (Figure 7).

4.2. Eddy Vertical Scales

We can now consider eddy horizontal scales estimated above in context with their observed vertical scales
(Figure 3). For uniform stratification, the thickness-to-radius (H/R) ratio of a mesoscale eddy is controlled by
planetary rotation and stratification with H=R / f=N. This relationship has been derived in a quasi-
geostrophic potential-vorticity conserving framework, and confirmed in both numerical studies and obser-
vations. For example, Reinaud et al. [2003] simulated eddies in a range of ambient water conditions, and
found that eddies having thickness-to-radius ratios of 0.8f=N were the most stable. Carpenter and Timmer-
mans [2012] showed that deep eddies sampled at Mooring B (with core depths rv1200 m) had thickness-to-
radius ratios of about 0.7f=N (for uniform N), defining the eddy top and bottom (to infer H) to be where the
azimuthal velocity decaysto 10% of its maximum. Zhao et al. [2014] confirmed this relationship for the class
of shallow eddies analyzed here.

While uniform stratification may be a good approximation when considering the shallow and deep eddies,
when eddies span a region of strongly varying ambient water stratification (as for the double-core eddies),
variations in stratification (i.e., N(z)) can influence the adjusted vertical structure of the horizontal velocity
and thus the vertical scale of the eddy. We begin by extending the uniform N formalism [see Carpenter and
Timmermans, 2012] to account for nonuniform stratification and derive an expression for the resulting
steady state vertical structure of the horizontal flow field for a water column characterized by N(z) adjusted
to a potential vorticity anomaly.

Quasi-geostrophic potential vorticity (PV) on an f-plane can be expressed as

@ P ow
5 2w1—=> ———— 1
= w @z Nozb? @z M
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for a stream function w with uU52@Qw=@y; v5@w=@x, and 25@?=@x>1@>=@y>. Following Carpenter and
Timmermans [2012], we assume a form for the initial PV qdx; y; z; t50p5q,ddz2z,b, for x> 1y? < R?, a delta
function in the ambient water stratification that is concentrated at the eddy core depth (i.e., the PV anomaly
has no thickness initially and an azimuthal velocity concentrated at the eddy core depth, z). In the case of a
double-core eddy, one core is considered to be the primary core at alevel of z5 z,, as discussed in the next
section. With knowledge of the initial PV, quasi-geostrophic PV conservation allows us to compute the
stream function from (1). We assume a solution of the form w5€/6zbexp tidkx 11lyp), where k and | are hori-
zontal wave numbers. Substituting the solution for w into (1) yields

2N, dw _ K2N2

ﬂAV2 2 W50 8z 6% zoP (2)
dz2< N dz< f2 * e

where N, is the degivative of N with respectto z, and K25k2112. Assuming that the solution has the
z

form w5./8zbexp N

dz vyields

€7 ok2/50 82 6% zob 3)
dz2 5

where k25K2N2=f22d3N,=Nb=dz 18N,=Np 2 Introducing new coordinates, W5k?/ andv5  kdz, (3) may be

recast as d?W=dv?2312dpW 50. This can be solved by making the WKB approximation [see e.g., Gill, 1982]
wherein d58k22pd28k2#=dz? « 1; the magnitude of d does not exceed 102'" for typical stratification
profiles. This has solution W / exp 6vP. Returning to original variables, and with boundary conditions
woz 1 21P50 and wiz ¥ zoP5q, the vertical structure of the horizontal veIocit;i is then given by

z

wizP5qoexp sgniz2zob %Zk dz1ln k% 2In k* 4)

2 25z

The vertical influence of the PV anomaly is affected by both the strength of the stratification and the varia-
tion in this strength with depth, and this interplay is detailed in the examples described below. For uniform
stratification, (4) simplifies to Wizb5q.exp h2KNjz2zj=f). Taking top and bottom eddy boundaries to be
where the velocity decreases to 10% of the maximum velocity gives H=R5#In §10pp)éf =Np [Carpenter and
Timmermans, 2012], where we have related K to the horizontal eddy scale R as K52p=R.

The typical water column structure in the Canada Basin in the vicinity of Mooring B has two high stratifica-
tion bands at rv50 and rv200 m, between which the stratification remains relatively strong compared
to the deeper water column (Figure 8a shows a typical profile). Deeper than 200 m, the stratification
decreases rapidly to rv400 m (around the depth of the Atlantic Water layer), and remains small with increas-
ing depth.

Let us assume that the observed eddies are translated into the Canadian Water stratification and the water
column adjusts to the presence of the eddy. This is the case, for example, when a shallow eddy of the type
examined in Timmermans et al. [2008] is formed by instability of a surface front in the northern Canada
Basin; dense water is subducted from the northern (dense) side of the front into the halocline on the south-
ern side. We examine the observations in context with the prediction (equation (4)) by considering a typical
shallow (halocline) eddy (sampled on 25 April 2009 with a core depth of 125 m; Figure 8b), and a typical
deep eddy (sampled on 2 July 2007 with a core depth of 1200 m; Figure 8c). With the initial condition being
a zero-thickness PV anomaly at the core depth of the eddy in question, the theoretical vertical distribution
of horizontal velocity (equation (4)) and the measured velocity structures are generally consistent, and indi-
cate how the stratification limits the vertical influence of the perturbation. For the examples shown, the
radius Rused in equation (4) is that computed in section 4.1 (with K52p=R). Halocline eddies are confined
between the two stratification maxima, and the eddy azimuthal velocity decreases rapidly to small values
either side of the core depth. On the other hand, deep eddies are centered in the deep water column where
the stratification is weak, and this class of eddies has the largest thickness. Although all mid-depth eddies
have the double-core structure, we point out here that if an eddy is generated at 400 m (Figure 8d), with
higher stratification above than below this depth, there is an asymmetric vertical structure to the horizontal
velocity with the velocity decreasing rapidly above 400 m, and more slowly with depth within the relatively
weak stratification below 400 m.

ZHAO AND TIMMERMANS

ARCTIC EDDY SCALES AND DYNAMICS 8205



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC011251

(a) ambient water (b) shallow eddy
0 | 06 I S
i —
200r- 200l——""-"------ bommommomomnnenes
400--1- 400 ---------------------
600--§ 600 ---------------------
— 800|- = BOOP s e
E 1 £ :
£ 1000f- £ 1000f, ------------------ Prmmsmmmoommmoeooeoe-
o | (o8 '
[0) ! (0] !
© 1200~ © 1200 TTTTmmTmTosmosmssbesosoosossoeoooooooos
1400} 1400 ---e-meeeemeeneas feoseanennn e
1600 - 1600| 3 --------mmmm-o--e oo
1800--1 2 dbar differenced 1800 ----c-eoeee ~— measurement|
| smoothed theory
2000+ - > 2000 :
0 0.01 0.02 0.5 1
buoyancy frequency [1/s] horizontal velocity structure
(c) deep eddy (d) eddy with core at 400 m
0Oy T ] 0 .
— measurement
200 theory 200
400 400
600 600
— 800 — 800
E £
£ 1000 < 1000,
Q. Q.
[9) )
© 1200 © 1200
1400 1400
1600 1600
1800 1800 '
2000 g ; 2000 :
0 0.5 1 0 0.5 1
horizontal velocity structure horizontal velocity structure

Figure 8. (a) Typical profiles of buoyancy frequency (N(z) (1/s)) in the Canadian Water from Mooring B (grey: computed differencing 2 dbar
measurements; blue: smoothed over 11 points). (b, c) Theoretical horizontal velocity structure (blue lines) and measured velocity structure
(normalized so that the maximum is 1, grey lines) from representative (b) shallow and (c) deep eddies. The shallow eddy centers at 125 m
(measured in April 2009), and the deep eddy centers at 1200 m (measured in July 2007). (d) Theoretical horizontal velocity structure of an
eddy with a core at 400 m.

4.2.1. Double-Core Eddies

In contrast to the shallow and deep eddies, double-core eddies, whose fastest azimuthal velocities are
located at the depth of their shallow core, are observed in a part of the water column with rapidly weaken-
ing stratification with depth. We hypothesize that the shallow core of the double-core eddy is formed
by baroclinic instability in the vicinity of the Eurasian/Canadian Water front (near the Chukchi Borderland/
Mendeleev Ridge complex, Figure 2). From the thermal wind balance, the slope of the isopycnals at the
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front (Figure 2c) indicates that the geostrophic velocity around 200 m depth changes by about 3 cm/s
across the front (Morison et al. [1998] showed geostrophic flows associated with this front can reach up to
rv4 cm/s). Across the front, the horizontal flow profile is such that the gradient of potential vorticity changes
sign, satisfying the necessary conditions for baroclinic instability. When ageostrophic flows (i.e., across-front
flows that arise as a result of accelerations and decelerations of the along-front flow) drive Eurasian Water
in the halocline to the Canadian Water side of the front, the subducting fluid is compressed and relative vor-
ticity is generated to satisfy PV conservation; in alayered system, for a water column initially with zero rela-
tive vorticity and of thickness h;, this is expressed as f=h;58f 1 fp=h¢, where h; and £5 2V,,.,=R are its final
thickness and relative vorticity, respectively. For the shallow core of the double-core eddies, we consider
the top core to originate from the layer bounded by 33.8 <S < 34.2, which is of thickness h; @ 43 m in the
Eurasian Water. On the Canadian Water side, it is compressed to a thickness of h; 27 m at around 200 m
(Figure 2c), generating a parcel of trapped Eurasian Water with anomalous relative vorticity. The Rossby
number of an eddy formed by this process can be estimated as Ro5V,,,,=fR5f=2f ¢ 0:18, close to the best
fit eddy Rossby number of the shallow cores of 0.20 (Figure 7).

The result of the process just described can be considered as a PV anomaly at a depth of 200 m (the depth
level of the observed shallow velocity maximum, Figure 9). Following water-column adjustment (equation
(4)) in the region of Canadian Water (in the southern Chukchi Borderland, Figure 9a), the velocity first
decreases to a minimum and then a second velocity maximum can be generated near the core of the Atlan-
tic Water layer where the stratification is much weaker (rv400 m depth), influencing either cool or warm
water at this depth depending on water properties at the eddy generation location (Figure 9b). The pre-
dicted vertical structure of the horizontal velocity generally corresponds to that observed in the double-
core eddies. Following this adjustment, the entire double-core structure can be advected northeastward by
the mean flow to the site of Mooring B. The example above (Figure 8d) demonstrates that an eddy first gen-
erated at 400 m does not give rise to a second shallow velocity maximum in this stratification (i.e., the shal-
low core is primary in the generation).

The generation of double-core eddies reflects adjustment of the water column to a PV anomaly where strat-
ification decreases rapidly with depth to a small value. Water column adjustment is best described in terms
of conservation of PV. The PV injection at the shallow eddy core depth introduces isopycnal displacements
(Figure 3), which compress the water column above and below the eddy. For a uniformly stratified water
column, isopycnal displacements decrease in amplitude away from the eddy core depth (i.e., the extent of
water layer compression either side of the eddy reduces), consistent with a decreasing horizontal velocity
above and below the core. At the same vertical distance away from the eddy core, isopycnal displacements
are larger in a weakly stratified water column compared to a strongly stratified water column (see equation

(4)). The response of a nonuniformly stratified water column (e.g., deeper than rv200 m where the stratifica-

tion decreases rapidly) may be continuously increasing isopycnal displacements with the decrease in strati-
fication to small values; the result is a stretching of the water column (decreasing magnitude of relative
vorticity or decreasing horizontal velocity) at first, and a compression of the water layers below (increasing
magnitude of relative vorticity). The larger radii of the upper cores compared to the deep cores are consist-
ent with smaller thickness-to-radius ratios where stratification is strongest.

5. Discussion and Summary

A total of 58 mesoscale eddies are classified and analyzed from a decade of velocity, temperature, and salin-
ity measurements from BGEP Mooring B in the northwest Canada Basin. Eddies with deeper core depths
have larger horizontal scales, with radii ranging from rv6 km for shallow eddies, rv10 km for mid-depth
eddies, and rv16 km for deep eddies. Significant uncertainty in these estimates results from uncertainties in
the estimates of advection velocity of an eddy as it transects the mooring. Eddy Rossby numbers range
from rv0.34 (shallow eddies) to rv0.20 (mid-depth eddies) and rv0.13 (deep eddies).

Eddies have a range of thicknesses depending on the strength of the ambient water stratification around
their core depths, with thicker eddies found in weaker stratification. We have focused our attention on a
class of previously unstudied double-core (mid-depth) eddies that have an interesting vertical structure that
can be explained by adjustment of the water column to a PV anomaly around the depth of their shallow
cores. Considering the location of Mooring B in the vicinity of major water mass boundaries, we propose
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Figure 9. (a) Profile of buoyancy frequency (N(z)(1/s)) in the Canadian Water in the vicinity of a double-core eddy sampled on 23 October
2003 (grey: computed differencing 2 dbar measurements; blue: smoothed over 11 points). (b) Theoretical horizontal velocity structure
resulting from adjustment of the water column (with smoothed stratification as in Figure 9a)to aPV anomaly centered atrv180 m (blue
line) and measured velocity (normalized so that the maximum is 1, grey line) of a double-core eddy identified on 23 October 2003.

that they originate from the Eurasian Water over the Chukchi Borderland/Mendeleev Ridge complex, where
it meets the Canadian Water.

The vertical adjustment of a uniformly stratified portion of the water column to a PV anomaly has been
studied before, leading to a relationship between horizontal and vertical scales of eddies [see Carpenter and
Timmermans, 2012], a reasonable approximation for the shallow and deep eddies here. We have generalized
the derivation to understand dynamical adjustment of a nonuniformly stratified environment for applica-
tion to the mid-depth eddies that are found in a depth range of rapidly decreasing stratification. The final
state of the adjusted water column depends on the structure of the stratification; rapidly decreasing stratifi-
cation below the halocline causes gradients in water-column compression and relative vorticity generation,
giving rise to the double horizontal velocity maxima structure.

The study of double-core eddies sheds light on the possible locations and times where anomalously cool/warm
Atlantic Water is found; the deeper core water of the eddy is either cooler or warmer than the Atlantic Water in
the vicinity of Mooring B. This anomaly may be associated with unusual hydrographic conditions such as an
absence of warm Atlantic Water intrusions, and/or meanders in the Atlantic Water boundary current. The exact
pathways and variability of the Atlantic Water (a major source of heat to the Arctic system) are not well known.
The presumed source water for the mid-depth eddies is on the Eurasian Water side of the front, in a water mass
with higher dissolved oxygen and lower silicate concentrations [Woodgate et al.,, 2005]. These eddies provide a
transport mechanism to the Canadian Water, and demonstrate the communication between the lower Eurasian
halocline water and the deeper Atlantic Water. The presence of the double-core eddies suggests that the boun-
daries of the Beaufort Gyre (separating Eurasian Water and Canadian Water) are unstable and attest to the impor-
tant role of mesoscale eddies in the regulation of gyre spin-up.
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