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a b s t r a c t

The anisotropy of eddy variability in the global ocean is examined in geostrophic surface velocities derived

from satellite observations and in the horizontal velocities of a 1/12° global ocean model. Eddy anisotropy is

of oceanographic interest as it is through anisotropic velocity fluctuations that the eddy and mean-flow fields

interact dynamically. This study is timely because improved observational estimates of eddy anisotropy will

soon be available with Surface Water and Ocean Topography (SWOT) altimetry data. We find there to be good

agreement between the characteristics and distributions of eddy anisotropy from the present satellite obser-

vations and model ocean surface. In the model, eddy anisotropy is found to have significant vertical structure

and is largest close to the ocean bottom, where the anisotropy aligns with the underlying isobaths. The highly

anisotropic bottom signal is almost entirely contained in the barotropic variability. Upper-ocean variability

is predominantly baroclinic and the alignment is less sensitive to the underlying bathymetry. These findings

offer guidance for introducing a parameterization of eddy feedbacks, based on the eddy kinetic energy and

underlying bathymetry, to operate on the barotropic flow and better account for the effects of barotropic

Reynolds stresses unresolved in coarse-resolution ocean models.

© 2015 Elsevier Ltd. All rights reserved.
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. Introduction

Variability, particularly at the mesoscale (10–100 km), accounts

or the majority of the ocean’s kinetic energy (e.g., Ducet et al., 2000;

unsch, 2007; McWilliams, 2008) and plays a fundamental role in

etting the ocean state and circulation (e.g., Hallberg and Gnanade-

ikan, 2006; Waterman et al., 2011; Fox-Kemper et al., 2013), includ-

ng air–sea CO2 fluxes (Dufour et al., 2013). The fluctuating, or eddy,

omponent of the velocity field interacts with the time-mean flow

nly through the anisotropic or directional portion of the variabil-

ty (Hoskins et al., 1983; see also Marshall et al., 2012; Waterman

nd Hoskins, 2013; Waterman and Lilly, 2015), and as such, insight

nto the dynamical feedbacks between the eddy and mean-flow fields

f the global oceans can be gained by quantifying and characteriz-

ng the magnitude and distribution of eddy anisotropy. Knowledge

f eddy anisotropy is especially useful for improving parameteri-

ations of unresolved variability in coarse-resolution ocean models
∗ Corresponding author at: Research School of Earth Sciences, Australian National

niversity, Australia. Tel.: +61 419294926.

E-mail address: kialstewart@gmail.com, kial.stewart@anu.edu.au (K.D. Stewart).
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e.g., Eden, 2010), and defining criteria for where to prescribe these

arameterizations (Hallberg, 2013).

Quantifying the anisotropy of ocean variability and understanding

ts mean-flow feedback requires an appropriate methodology. Typ-

cally this involves a Reynolds decomposition of ocean velocity and

racer fields, partitioning them into the time-mean and time-varying

eddy) components, and then identifying the conditions where these

wo components interact (e.g., Marshall, 1984; Plumb, 1986; Gent

nd McWilliams, 1996). A convenient framework are variance ellipses

see, for example, Preisendorfer, 1988) which provide a visual repre-

entation of eddy momentum fluxes. Variance ellipses characterize

he horizontal velocity variances and covariance, thereby capturing

he geometry of the fluctuating portion of the horizontal velocity and

ts associated horizontal momentum fluxes in terms of the eddy ki-

etic energy (which sets the ellipse amplitude), degree of anisotropy

which sets the ellipse eccentricity) and orientation (direction of the

rinciple axis along which the anisotropy is oriented). Knowledge

f the degree of anisotropy and its orientation are important be-

ause eddy-mean-flow interactions are sensitive to the magnitude of

he anisotropic eddy kinetic energy and to the extent that the eddy

nisotropy orientation departs from the direction of the mean-flow

http://dx.doi.org/10.1016/j.ocemod.2015.09.005
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shear. Variance ellipses have previously been used in atmospheric re-

search (e.g., Hoskins et al., 1983), in the analysis of idealized ocean

models (e.g., Marshall et al., 2012; Waterman and Hoskins, 2013) and

observational studies (e.g., Morrow et al., 1994; Stanton and Morris,

2004) to represent the characteristics of the variability and the inter-

action between the eddying and mean flows. Improved observational

estimates for variance ellipses and eddy anisotropy of the ocean sur-

face will soon be available through Surface Water and Ocean Topogra-

phy (SWOT) altimetry data (e.g., Durand et al., 2010; Fu et al., 2010),

increasing the need to appreciate the representation of these metrics

in present observations and modelling efforts.

This paper examines the characteristics and global distributions

of the anisotropy of ocean eddy variability from satellite observa-

tions and a 1/12° global ocean circulation model. It is found that eddy

anisotropy is rich in both horizontal and vertical structure. In the

model, eddy anisotropy increases towards the ocean bottom, where

the highly anisotropic bottom variability is aligned with the underly-

ing isobaths. Decomposing the horizontal flow into its barotropic and

baroclinic components reveals that the anisotropy of the bottom vari-

ability is almost entirely contained in the barotropic flow, whilst the

relatively isotropic upper-ocean variability is predominantly baro-

clinic. This offers guidance for the development of a parameteriza-

tion for the effects of unresolved barotropic variability that is based

on the shape of the underlying bathymetry and operates only on the

barotropic flow.

2. Methodology

This section briefly describes the theoretical basis of the variance

ellipse analysis from which the eddy anisotropy is derived; for a more

complete review refer to Hoskins et al. (1983), Marshall et al. (2012),

Waterman and Lilly (2015), and references therein.

The zonal (u) and meridional (v) velocities at a given location

x(x, y, z) are Reynolds decomposed into their time-mean (u, v) and

time-varying (u′, v′) components:

u(x, t) = u(x) + u′(x, t), and v(x, t) = v(x) + v′(x, t). (1)

At location x, the timeseries of the time-varying components of the

horizontal velocity define a variance ellipse in (u′, v′)-space. The am-

plitude, eccentricity and orientation of this variance ellipse are de-

fined in terms of the time-mean velocity variances u′2 and v′2 and

covariance u′v′.
The characteristics of the variance ellipse can be derived explicitly

from the velocity covariance matrix �:

� =
[

u′2 u′v′
u′v′ v′2

]
, (2)

which describes the time-mean horizontal eddy velocity variances

and covariance. It is convenient to separate this eddy covariance ma-

trix into its isotropic and anisotropic components:

� = KI + A, (3)

where K is the eddy kinetic energy given by,

K = (u′2 + v′2)
2

, (4)

I is the identity matrix, and A is the anisotropic component of the

eddy covariance matrix,

A =
[

M N
N −M

]
, (5)

with

M = (u′2 − v′2)
2

and N = u′v′. (6)

M and N are composed of the eddy Reynolds stresses describing the

eddy fluxes of horizontal momentum. These anisotropic elements of
he eddy covariance matrix describe the tendency for the variability

o align along a preferred axis and combine to give the portion of the

ddy kinetic energy associated with anisotropic variability L:

=
√

M2 + N2. (7)

is subject to the bound that it must always be less than or equal to

he total eddy kinetic energy, such that,

L

K
≤ 1. (8)

he ratio L/K is a measure of ellipse shape varying like the eccentric-

ty between 0 and 1 and as such provides a useful measure of the

egree of so-called “eddy anisotropy”, the anisotropy associated with

he eddy or fluctuating portion of the flow. As shown by Waterman

nd Lilly (2015), the covariance matrix (Eq. (3)) can be written in

erms of the total eddy kinetic energy, the anisotropic eddy kinetic

nergy and an orientation � as,

= KI + A = KI + L

[
cos2� sin2�
sin2� −cos2�

]
. (9)

ere � is the orientation of the principle axis of anisotropy (Hoskins

t al., 1983; see also Waterman and Hoskins, 2013, Fig. 2,), hereinafter

eferred to as the “eddy orientation”. It is given by

= 1

2
tan−1

(
N

M

)
. (10)

The orientation of eddy anisotropy relative to the orientation of

he basic state (∼mean) shear defines the direction of the energy con-

ersion between the mean and eddy fields. For eddies to extract en-

rgy from the horizontal shear of the mean current, the anisotropy

ust be orientated such that the variance ellipses “lean” against the

ean shear; for ellipses that tilt with the mean flow shear, eddies

ransfer energy from the eddy field to the basic current (Starr, 1968;

ee also Pedlosky, 1987, Section 7.3; Marshall et al., 2012, Fig. 4). It

s clear from applying a coordinate rotation to Eq. (9) that the first

erm KI is invariant to coordinate rotations, whilst the elements of

he matrix comprising the second term will be modified by such a

ransformation; this indicates that L is associated with anisotropy or

irectionality of the velocity covariance.

Here, the eddy anisotropy of surface flows in the global ocean is

xamined in satellite observations and a 1/12° global ocean model.

or the case of the model output, the vertical structure of anisotropy

nd its relationship with the underlying model bathymetry is also

onsidered. In addition to the full flow, the eddy anisotropy of the

cean model is computed for the barotropic and baroclinic variabil-

ty separately; this is achieved by first decomposing the horizontal

elocities into their barotropic (depth average) and baroclinic (devia-

ion from the depth average) flows at each spatial location, and then

epeating the above calculations (Eqs. (1)–(10)).

The practical computation of these terms is simplified through en-

emble averaging, that is,

′2 = u2 − u u, v′2 = v2 − v v, u′v′ = uv − u v, (11)

here u, v, u2, v2 and uv are ideally accumulated online, or alterna-

ively from stored velocity fields representative of the temporal vari-

bility; here the latter is employed. Obviously, it is important to en-

ure the zonal and meridional velocities are collocated, which is not

lways the case for ocean model output.

. Model and observations

This study uses output from the ORCA12 (see description in

reguier et al. (2014)) configuration of NEMO (Nucleus for European

odelling of the Ocean; Madec, 2008), run by the DRAKKAR Group

Group, 2007). ORCA12 simulates the global ice-ocean circulation

ith a latitudinally-dependent horizontal resolution that is largest
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Table 1

Global averages of K (m2 s−2), L (m2 s−2), and L/K for surface

geostrophic velocities derived from the AVISO product and

for the surface, bottom and depth-averaged ORCA12 model

output.

Term AVISO ORCA12

Surface Bottom All

K 2.34e−2 2.42e−2 5.57e−4 2.17e−3

L 6.37e−3 8.81e−3 3.12e−4 6.90e−4

L/K 0.245 0.294 0.644 0.418
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t the equator (9 km, 1/12°) and decreases with the cosine of lati-

ude towards the poles; the vertical resolution ranges from 5 m at the

urface to 250 m at depth through 46 vertical levels. The model has

een forced with the DRAKKAR Forcing Set #4 (DFS4; The DRAKKAR

roup, 2007; Brodeau et al., 2010) to produce a hindcast simulation

or the 10-year period of January 2003 to December 2012, with the

elocity fields output and stored as 5-day averages. The timeseries of

he zonal and meridional global velocity fields, and their barotropic

nd baroclinic components, are used to calculate the terms character-

zing the eddy kinetic energy and its anisotropy (K, L, �).

In addition to the ORCA12 output, this study uses 10 years of

eostrophic velocities derived from merged satellite altimetries;

hese altimetry products were produced by Ssalto/Duacs and dis-

ributed by AVISO, with support from CNES (http://www.aviso.

ceanobs.com/duacs/). The velocities are provided as daily-averages

n a regular 1/4° grid and cover the same period as the model sim-

lations (2003–2012). Considering the ∼10 day repeat orbital cycle

nd objective remapping of along-track observations to the gridded

roduct, the global 1/4° altimetry record is expected to only be able

o resolve a portion of the mesoscale variability, corresponding to

ddies having an e-folding scale of greater than 30–45 km (see,

or example, Chelton et al., 2011; Hallberg, 2013). Nevertheless it

s useful to look at the eddy anisotropy in this data set globally

s it contains valuable information about the surface geostrophic

ariability at the scales that are resolved (e.g., Ducet and Traon,

001; Huang et al., 2007; Scott et al., 2008), and it offers guidance for

nderstanding future estimates of eddy anisotropy derived from im-

roved observational systems, such as the upcoming SWOT altimetry

ata (e.g., Durand et al., 2010; Fu et al., 2010). It is important to

ote that the different spatial and temporal resolutions of the model

nd altimetry data do not allow for a direct and fair comparison of

alculated variabilities, and that the ambiguity of the altimetry data

esolution (especially in regards to the scales of variability resolved)

omplicates the process of selectively-sampling the model output so

s to provide a fair comparison for the altimetry product.

. Results

This section presents the anisotropy of ocean variability calculated

rom the AVISO product and ORCA12 model output. The section is di-

ided into four parts; the focus of the first is on the anisotropy of sur-

ace velocities, the second on the vertical structure of eddy anisotropy

n the model velocity fields, the third on the eddy anisotropy of the

arotropic and baroclinic velocities in the modelled Southern Ocean,

nd the fourth on the model eddy anisotropy in the vicinity of the

acquarie Ridge and Campbell Plateau. The focus on the Southern

cean, and in particular the vicinity of Macquarie Ridge and Camp-

ell Plateau, serve as illustrative examples of the distinction between

ddy anisotropy of the barotropic and baroclinic velocity fields in

ddy-rich regions where bathymetry is known to have a strong in-

uence on the flow.

.1. Surface eddy anisotropy

The AVISO product was used to characterize the global distribu-

ion of eddy anisotropy by calculating K, L and their ratio (Fig. 1).

he distribution of L (Fig. 1(b)) shows many similarities with the dis-

ribution of K (Fig. 1(a)), being largest in and surrounding regions

f large flow speeds. However relative to K, the spatial distribution

f L appears more localized to the large flow speed regions and is

lso richer in mesoscale structure. The eddy anisotropy L/K tends to

e large where currents are strongly influenced by bathymetry or

y equatorial dynamics, and exhibits complicated mesoscale struc-

ure (Fig. 1(c)). Whilst the distribution of L/K is maximal along coast-

ines and shelfbreaks, and near the equator, the central basin regions

end to be more isotropic. The global average value of surface eddy
nisotropy is 0.25, implying that approximately 25% of surface eddy

inetic energy is associated with anisotropic variability (Table 1).

The eddy anisotropy of the ORCA12 model surface fields gener-

lly compares well with that derived from the satellite observations

n both magnitude and spatial distributions, a consequence of the

act that both the eddy kinetic energy (Figs. 1(a) and 2(a)) and its

nisotropic component (Figs. 1(b) and 2(b)) in the model and satellite

bservations are similar in magnitude and distribution. However, re-

ions where the ORCA12 anisotropy is consistently greater than that

f the AVISO-derived fields include the coastlines and equatorial lat-

tudes, a consequence of the anisotropic eddy kinetic energy L being

ignificantly larger in the model fields (Figs. 1(b) and 2(b)). Globally,

he average eddy anisotropy in the model surface is 0.29, implying

hat 29% of ORCA12 surface eddy kinetic energy is associated with

nisotropic variability (Table 1); this is slightly more anisotropic than

he AVISO-derived fields and is reflected in the global distributions of

/K (Figs. 1(c) and 2(c)).

.2. Vertical structure of eddy anisotropy

The ORCA12 model output provides an opportunity to investi-

ate the vertical structure of ocean variability and, in particular, eddy

nisotropy. An initial step is to compare the anisotropy of surface vari-

bility with that of the bottom; for this, the horizontal velocities of

he second-deepest non-bathymetry grid cell are used to calculate

he bottom covariance fields, so as to avoid complications with vis-

ous boundary conditions and bathymetry representation schemes.

n contrast to the surface, the bottom variability is predominantly

nisotropic, as reflected in the similarities between the bottom K and

ottom L fields (Fig. 3(a) and (b)). Although the global average of bot-

om eddy kinetic energy is almost 2 orders of magnitude smaller than

he surface, the global average value of eddy anisotropy is 0.65, im-

lying that 65% of all bottom eddy kinetic energy is associated with

irectional or anisotropic variability (Table 1). The distribution of the

ottom eddy anisotropy appears to be influenced by the underlying

athymetry; regions of significant bathymetric features (e.g., mid-

cean ridges, continental shelves, island chains) tend to be highly

nisotropic, whilst the relatively featureless plains and basins (e.g.,

leutian, Admundsen, Argentine, Bellingshausen, Ceylon, Enderby,

nd Weddell) are more isotropic (Fig. 3(c)).

Vertical sections of eddy anisotropy L/K highlight this transition

etween the anisotropic bottom and relatively isotropic surface. The

ottom intensification of eddy anisotropy is evident in the zonal aver-

ge of L/K (Fig. 4(a)), and with the exception of the equatorial regions,

he eddy anisotropy generally increases monotonically with depth.

The anisotropic bottom signal tends to be localized to regions

f sloping bathymetry whilst in regions of flat bathymetry, the bot-

om variability tends to be more isotropic. This is evident in the

elative intensification of the bottom anisotropy when the calcula-

ion of the zonal average of L/K is restricted to regions above slop-

ng bathymetry (i.e. ∇H �= 0, where H is the ocean model depth;

ig. 4(b)), compared to when it is restricted to regions of locally flat

odel bathymerty (i.e. ∇H = 0; Fig. 4(c)). This differing influence of

http://www.aviso.oceanobs.com/duacs/
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Fig. 1. Distributions of (a) K (m2 s−2), (b) L (m2 s−2), and (c) L/K derived from the 1/4° AVISO product of surface geostrophic velocities for the period of 2003–2012. The 0.22 m s−1

time-mean speed contour is shown in grey.

e

a

P

o

flat or sloping bathymetry is readily observed in various basin tran-

sects of L/K, such as a circumpolar transect at 55°S (Fig. 5(a)). In

regions of sloping bathymetry, the anisotropic bottom signal pene-

trates upwards ∼1000 m into the water column, occasionally reach-

ing the ocean surface. In addition to the bottom intensification, the
ddy anisotropy is notably enhanced downstream of major obstacles

cross the Antarctic Circumpolar Current (ACC), such as the Drake

assage, Kerguelen Plateau and Macquarie Ridge.

Vertical transects of the eddy orientation, �, reveal that in spite

f the significant vertical structure in eddy anisotropy, the eddy
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Fig. 2. Surface distributions of (a) K (m2 s−2), (b) L (m2 s−2), and (c) L/K derived from the surface velocities of the 1/12° ORCA12 ocean model for the period of 2003–2012. The

0.22 m s−1 time-mean speed contour is shown in grey.
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rientation remains relatively unchanged with depth (Fig. 5)(b). Note

hat whilst the cardinal direction of the eddy orientation is of little

onsequence (rather, the eddy orientation direction relative to that of

he mean shear is important for diagnosing eddy-mean-flow interac-

ions; see Waterman and Lilly, 2015), the observation that the orien-
ation of the eddy anisotropy maintains vertical coherence suggests a

ignificant portion of the anisotropic signal is barotropic.

Given the apparent link between eddy anisotropy and slop-

ng bathymetry, it is useful to consider the alignment of the eddy

nisotropy relative to the direction of the underlying isobath (Fig. 6).
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Fig. 3. Bottom distributions of (a) K (m2 s−2), (b) L (m2 s−2), and (c) L/K derived from the horizontal velocities of the second-deepest grid cell of the 1/12° ORCA12 ocean model for

the period of 2003–2012. The 0.1 m s−1 time-mean speed contour is shown in grey.

a

fi

w

t

isobath.
This is an angle between 0 and π /2, where 0 implies the eddy

anisotropy is aligned with the isobath, and π /2 implies they are per-

pendicular. At the surface, there is a slight tendency for the vari-

ability to align itself with the underlying isobath (Fig. 6(a)); ap-

proximately 15% of the anisotropic surface eddy kinetic energy is
ligned within 10° of the underlying isobath. This effect is ampli-

ed at depth: bottom variability has an increased tendency to align

ith the local isobath (Fig. 6(b)); over 20% of the anisotropic bot-

om eddy kinetic energy is aligned within 10° of the underlying
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Fig. 4. Zonal averages of L/K south of ∼30°N derived from the ORCA12 horizontal velocities for (a) all regions, (b) regions over sloping model bathymetry (∇H �= 0, where H is the

local model ocean depth), and (c) regions over flat model bathymetry (∇H = 0). The 0.02 m s−1 zonal average of the time-mean zonal velocity is contoured (solid eastward, dashed

westward).
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.3. Barotropic vs. baroclinic eddy anisotropy

The barotropic tendency of eddy anisotropy warrants further in-

estigation. Given the prevalence of Southern Ocean eddies, and their

rucial role in the ACC and its vertical structure, the region south of

30°S serves as an illustrative example of the distinction between

ddy anisotropy of the barotropic and baroclinic flows (e.g., Rintoul,

010).

Separating the horizontal flow into its barotropic (depth-

veraged) and baroclinic (deviation from the depth-average) com-

onents shows that over 60% of the total eddy kinetic energy in the

RCA12 Southern Ocean is contained in the barotropic flow (Table 2).

he distribution of barotropic eddy anisotropy is highly variable and

ich in mesoscale (10–100 km) structure; the barotropic variability is

nisotropic on continental shelves, shelfbreaks, and plateaus, and its
istribution resembles that of |∇(f/H)| (where f is the Coriolis param-

ter; compare Fig. 7(c) with (g)).

Baroclinic variability in the ORCA12 Southern Ocean contains less

han 40% of the total eddy kinetic energy (Table 2). At the surface,

he distribution of eddy anisotropy in the baroclinic flow is virtually

nchanged from that of the full flow case (compare Fig. 7(b) with

d)), and the anisotropy is strongest where |∇(f/H)| is large (Fig. 7(g)).

he Southern Ocean average of baroclinic bottom K is similar to the

ull flow case, whilst the baroclinic bottom L, and thus the eddy

nisotropy L/K, almost halves (Table 2). This shift towards a more

sotropic bottom baroclinic eddy field is most obvious in the distribu-

ion of baroclinic bottom L/K (compare Fig. 7(e) with (f)); for both the

aroclinic and full flow cases, the bottom eddy anisotropy is weakest

here |∇(f/H)| is small (Fig. 7(g)). Indeed, the vertical penetration of

he strong bottom eddy anisotropy above sloping bathymetry that is
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Fig. 5. Circumpolar transects of (a) L/K and (b) � derived from the ORCA12 horizontal velocities at 55°S. The 0.1 m s−1 time-mean speed contour is shown in black. Locally flat

model bathymetry (∇H = 0) is indicated in white. Note that for �, north (red) is equivalent to south (blue); however for zonal mean-flow it is useful to identify regions where the

eddy anisotropy orientation transitions through the north-south direction, hence the non-periodic colourbar. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Fig. 6. Histograms of the angle between � and the local isobath for the (a) surface and (b) bottom of ORCA12 anisotropic variability in regions of sloping model bathymetry (∇H �=
0). The dashed lines represent uniform distributions (i.e. what would be expected if there were no connection between � and the local isobath). The local maxima in bottom eddy

orientation at π /4 is related to Ekman boundary layer dynamics; the second-lowest grid cell is occasionally entirely contained within the lower Ekman layer.
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e
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column.
evident in the full flow (Fig. 5(a)) is not present in the baroclinic flow

(Fig. 8). Additionally, with the absence of the bottom intensification,

the enhancement of eddy anisotropy downstream of major obstacles

is more apparent.

A dominant feature of the circumpolar transect of baroclinic L/K

is an intermediate-depth maximum in eddy anisotropy. This is an ar-

tifact of the baroclinic decomposition; at depths where the current
elocity in a given direction is equal to the barotropic velocity (for

xample, u = uBT or v = vBT ), the baroclinic velocity becomes zero,

eading to an anisotropizing of the variability in the perpendicular di-

ection. This feature also suggests that for ORCA12 the majority of the

aroclinic variability at this latitude is contained in the first baroclinic

ode, such that u = uBT or v = vBT at only one depth in the water
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Fig. 7. Surface distributions of Southern Ocean L/K derived from (a) AVISO surface geostrophic velocities, (b) ORCA12 surface layer velocities, (c) the ORCA12 barotropic velocities,

and (d) the ORCA12 baroclinic velocities; the 0.22 m s−1 time-mean speed contour is shown in grey. The distributions of Southern Ocean L/K derived from (e) bottom ORCA12

velocities, and (f) the bottom ORCA12 baroclinic velocities; the 0.1 m s−1 time-mean speed contour is shown in grey. The (g) distribution of ORCA12 Southern Ocean |∇(f/H)| (m−2

s−1).
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Table 2

Southern Ocean (south of 30°S) averages of K (m2 s−2), L (m2 s−2), and L/K for the surface, bottom and depth-averaged

ORCA12 model output. These terms are calculated for the Southern Ocean using (i) the full flow, (ii) only the barotropic

flow, and (iii) only the baroclinic flow of the ORCA12 model output.

Term AVISO ORCA12 Southern Ocean ORCA12 Barotropic ORCA12 Baroclinic

Surface Bottom All Surface Bottom All

K 1.53e−2 1.61e−2 8.14e−4 2.82e−3 1.72e−3 9.01e−3 8.40e−4 1.09e−3

L 3.13e−3 3.46e−3 3.65e−4 6.86e−4 4.28e−4 1.84e−3 2.27e−4 2.41e−4

L/K 0.218 0.222 0.588 0.361 0.277 0.205 0.314 0.262

Fig. 8. Circumpolar transect of L/K at 55°S derived from the baroclinic velocities of ORCA12. The 0.1 m s−1 time-mean speed contour is shown in black. Locally flat model bathymetry

(∇H = 0) is indicated in white. The intermediate-depth maxima in L/K relates to the depth where the current speed is equal to the barotropic speed, so that the baroclinic flow is

zero.
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4.4. Eddy anisotropy at the Macquarie Ridge and Campbell Plateau

Given the rich spatial structure of eddy anisotropy, and its appar-

ent relationship with bathymetry, it is useful to consider the eddy

anisotropy in a localized region with significant bathymetry that is

known to influence the flow. One such region is the Macquarie Ridge;

this ridge presents a large bathymetric obstacle for the ACC, which

crosses the ridge primarily through a few narrow gaps. A major gap

in the ridge is north of Macquarie Island at (53.3°S, 159.4°E) where a

flow equivalent to almost one-third of the total ACC transport crosses

the ridge as a predominantly barotropic and steady current; it is one

of the rare places in the ocean where the mean kinetic energy is ob-

served to exceed the eddy kinetic energy (Rintoul et al., 2014). East-

ward of the Macquarie Ridge, the ACC encounters Campbell Plateau

where, rather than flowing over the Plateau, the ACC tends to flow

along the slope as an energetic and highly variable current (Stanton

and Morris, 2004).

In the model, the mean surface flow is fastest across the Mac-

quarie Ridge at the (53.3°S, 159.4°E) gap, and remains at current

speeds of >0.2 m s−1 as it flows along the southeastern edge of

Campbell Plateau (Fig. 9(a)). This mean flow pattern is largely main-

tained with depth; the flow through the gap and that rounding Camp-

bell Plateau are connected by the >0.1 m s−1 contour to a depth

of ∼2000 m (Fig. 9(b)–(d)). The surface variability in the region is

mostly isotropic except in shallow waters, against coastlines, and

above the eastern and western flanks of the Macquarie Island ridge

section and the steeper edges of Campbell Plateau (Fig. 9(a)). The

variability becomes more anisotropic with depth, especially against

the sloping bathymetry (Fig. 9(b)–(d)). In agreement with observa-

tions (e.g., Rintoul et al., 2014), the flow through the (53.3°S, 159.4°E)

gap is predominantly barotropic with the current speed remaining

over 0.1 m s−1 beyond 3000 m depth. The eddy kinetic energy K (not

shown here) is a local minimum in the flow through the gap. Any vari-

ability within the gap is isotropic at all depths except against the ridge

flanks. Immediately upstream to the north of the gap, the variability is

highly anisotropic below depths of 1000 m, indicative of eddy-mean-

flow interaction at depth (Fig. 9(c) and (d)). After crossing the Mac-

quarie Ridge, the current flows along the southeastern edge of the

Campbell Plateau where the bathymetry is steepest. The variability is

highly anisotropic along the Plateau edge at all depths including the
urface; this anisotropic feature is evident in the satellite observa-

ions (Fig. 7(a)) and previous studies (e.g., Stanton and Morris, 2004),

nd is presumably related to the presence of the bathymetric slope.

. Discussion

There is good agreement between the satellite and model surface

istributions of K, L, and L/K. Both exhibit large values of K in and sur-

ounding the regions of large flow speed, especially in the western

oundary currents, equatorial currents and the Antarctic Circumpo-

ar Current (ACC). The distributions of the anisotropic eddy kinetic

nergy L exhibit more mesoscale structure than their respective dis-

ributions of K; L appears more localized and confined to the regions

f large flow speeds. The distributions of L/K reveal that the largest

urface eddy anisotropy occurs along the coastlines and in the vicin-

ty of the equator. The strong eddy anisotropy along the coastlines

an be understood by considering the constraint the coastline im-

oses on the onshore flow and its fluctuations: the onshore flow and

uctuations are smaller than the alongshore flow and fluctuations. At

nd near the equator, the eddy orientation (not shown here) suggests

hat the strong eddy anisotropy is due to a combination of equatorial

elvin waves elongating fluctuations zonally and tropical instability

aves elongating fluctuations meridionally.

The surface variability fields derived from the satellite altimetry

re generally more isotropic than those of the model. This is likely

ue to the reduced spatial resolution of the satellite observations,

nd perhaps in part to the objective remapping procedure used to

enerate a daily 1/4° global product from along-track altimetry mea-

urements. Irrespective of the cause of this apparent isotropic bias

elative to the model, it does suggest that any anisotropic signals de-

ected by the satellite observations are indeed robust features of the

irculation. Therefore, the common anisotropic signals found in the

VISO and model surface fields (such as enhanced anisotropy on the

ampbell and Kerguelen Plateaus, Macquarie Ridge, Drake Passage,

tc.) are likely to result from common causes, and as such we expect

hat the model provides the means to diagnose such causes.

Ocean variability tends to be anisotropic in the vicinity of major

athymetric features, such as coastlines, shelfbreaks, seamounts

r plateaus, and this relationship between eddy anisotropy and

/H is worthy of further discussion. Previous studies have drawn
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Fig. 9. Distributions of L/K in the vicinity of Macquarie Ridge and Campbell Plateau at (a) the surface, (b) 1000 m, (c) 2000 m and (d) 3000 m depth. The 1000, 2000 and 3000 m

model isobaths are contoured in magenta. The 0.2 m s−1 time-mean speed contour is contoured in black for the surface (a); the 0.1 m s−1 time-mean speed contour is contoured

for other depths (b–d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ttention to the effect of f/H on shaping the eddy anisotropy (e.g.,

orrow et al., 1994; Stanton and Morris, 2004; Scott et al., 2008),

nd generally conclude that, with the exception of a few specific

egions, the alignment of surface variability is not sensitive to the

irection of underlying isobaths. This is consistent with the analysis

f surface variability presented here, especially in regions of weakly

arotropic flows (compare Fig. 7(b) with (g)). However, the align-

ent of sub-surface variability is found to be strongly influenced

y bathymetry; this link between anisotropic eddy kinetic energy

nd bathymetry is most apparent in bottom fluctuations. Although

he bottom eddy kinetic energy is about two orders of magnitude

maller than that at the surface, where the bathymetry is sloping the

ottom variability is almost entirely anisotropic and aligned with

he underlying isobaths. Interestingly, the regions of largest bottom

coincide with regions of isotropic variability and flat bathymetry

nable to support topographic wave activity, indicative of f-plane

urbulence. These findings are consistent with known dynamics of

ariability near bathymetry, such as bottom-trapped Rossby waves

Rhines, 1970) and the topostrophic processes encompassed in

he Neptune Effect (Holloway, 2008), and can offer guidance for

haping parameterizations for the unresolved variability based on

he underlying bathymetric slope. Such a parameterization scheme

or bottom variability is especially warranted considering the current
cean modelling practice for z-coordinate models to reduce vertical

esolution with depth.

Further insight into the vertical structure of ocean variability is

ained by partitioning the flow into its barotropic and baroclinic com-

onents. The isobath-aligned anisotropic bottom variability is con-

ained in the barotropic flow. This makes good physical sense; given

hat the barotropic flow tends to follow contours of constant f/H, it

hould come as no surprise that the barotropic variability follows suit

compare Fig. 7(c) with (g)). On the other hand, the baroclinic flow is

ess constrained by f/H contours, and this is reflected in the finding

hat bathymetric slope appears to have little influence on the baro-

linic variability (compare Fig. 7(d) with (g)).

The fundamental difference in the nature of the barotropic and

aroclinic variability suggests there may be benefit in distinct pa-

ameterizations for unresolved barotropic and unresolved baroclinic

ariability. One approach could take advantage of the fact that, given

he separation of time- and length-scales between barotropic and

aroclinic dynamics, many ocean models solve these flows separately

ith a fast two-dimensional barotropic solver sub-cycled within the

lower three-dimensional baroclinic solution (e.g., Killworth et al.,

991; Griffies et al., 2001). This separation presents an opportunity

o parameterize the unresolved barotropic variability independent

f the baroclinic variability and in a way that reflects its tendency
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to be anisotropic and aligned with the underlying isobath. Presum-

ably, a parameterization for unresolved barotropic variability would

be more active in models that over-partition energy to the barotropic

and low baroclinic modes, and be relatively idle in ocean models with

greater vertical resolution.

Efforts to capture the effect of eddies in ocean models have fo-

cused on improving the representation of lateral eddy structures

through increased horizontal resolution (e.g., Hallberg and Gnanade-

sikan, 2006), whilst relatively less attention has gone to improving

the representation of the vertical structure of the eddy field. The ver-

tical structure of ocean variability presented here highlights the need

for increases of the vertical resolution to track with those of the hor-

izontal resolution. Indeed, atmospheric studies have identified sub-

stantial benefits to increasing both the horizontal and vertical res-

olution consistently (Roeckner et al., 2006). It may be the case that

ocean models with 1/12° horizontal resolution require >46 vertical

levels to resolve the dynamics of the finer lateral structures. For in-

stance, it is obvious that there is little physical benefit to laterally re-

solving the high-order baroclinic Rossby deformation radii when the

vertical resolution only permits low-order baroclinic and barotropic

mode dynamics, and vice versa.

The present study has focused on the horizontal eddy anisotropy

to highlight the structure and distribution of the eddy anisotropy

globally and as a function of depth. A topic of ongoing work is to

incorporate eddy buoyancy flux terms into the analysis. To do this

from the perspective of eddy geometry involves the characterization

of a 3D variance ellipsoid in momentum-buoyancy eddy flux space

in place of the 2D variance ellipse employed here. It is expected

that these eddy buoyancy flux terms will also have distinctive ver-

tical structure, and interact with the eddy momentum field primar-

ily through the baroclinic eddies. Additional utility of using the eddy

geometry framework to characterize and understand eddy fluxes po-

tentially lies in understanding the time dependence of the eddy ge-

ometry, such as seasonality, or in the case of barotropic variability,

diurnal/tidal cycles.

6. Conclusion

Quantifying the anisotropy of eddy variability is important as

eddy feedbacks on the larger scale flow result solely from the

anisotropic components of the eddy variability. Here, the anisotropy

of ocean variability has been examined in satellite observations and

a 1/12° global ocean model. It is found that the anisotropy of eddy

variability is largest near the equator, along coastlines and close to

bathymetry. Eddy anisotropy is found to have a distinctive vertical

structure and become increasingly anisotropic with depth, especially

in the vicinity of sloping bathymetry. The highly anisotropic bottom

variability tends to be aligned with the underlying isobaths, which is

useful knowledge given that eddy-mean-flow interactions are sen-

sitive to the orientation of the eddy anisotropy, and in particular

the extent to which the eddy anisotropy orientation departs from

the direction of the mean-flow shear. Partitioning the eddy variabil-

ity into the barotropic and baroclinic components reveals that the

anisotropic bottom variability is predominantly barotropic, whilst the

upper-ocean variability is relatively baroclinic. Given the distinct na-

tures of barotropic and baroclinic variability, the findings suggest that

parameterizations for unresolved variability in ocean models may be

improved by the development of a parameterization for unresolved

barotropic Reynolds stresses that is based on the shape of the under-

lying bathymetry and operates only on the barotropic flow.
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