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Eddy Heat Fluxes
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(iii) Surface buoyancy restoring, which maintains a me-
ridional sea surface temperature gradient. For
simplicity, we make the gradient linear, with mag-
nitude Du/Ly.

(iv) A quasi-adiabatic interior, with negligibly weak
diapycnal mixing.

(v) For the case with topography, a large topographic
obstruction in the abyss.

Given these conditions, the system will equilibrate with
sloping isopycnals of the thermocline overlying a weakly
stratified abyss. The slope of the isopycnals determines
the depth of the thermocline at the northern boundary,
which we call h. This situation is illustrated schemati-
cally in Fig. 2. The sloping isopycnals indicate the pres-
ence of available potential energy (APE), which can be
transferred to eddy motion.
Our choice of confining the flow in a channel with

solid walls, where no flux of heat and no normal flow and
no-slip boundary conditions are applied, removes the
possibility of having a residual overturning circulation,
at least in the low diffusivity limit considered here. Thus,
our model ACC approaches the limit of zero residual
circulation described by Johnson and Bryden (1989) or
Kuo et al. (2005), in which mean and eddy-induced ad-
vection cancel completely. The vanishing residual cir-
culation limit is a useful idealization of the complete
ACC, in which there is a nonzero residual flow, but
where large cancellations between the mean and eddies
nevertheless occur (Speer et al. 2000; Hallberg and
Gnanadesikan 2006 ; Volkov et al. 2010). In this way, the
stratification in the channel is simply determined by
a balance between wind-driven advection of buoyancy
by the Ekman circulation, which steepens isopycnals
and creates APE, and eddy buoyancy advection, which
removes APE (Karsten et al. 2002). More generally,
the Southern Ocean stratification is determined by

a three-term heat balance involving Ekman and eddy
heat transport and the residual circulation, which in turn
depends on remote processes outside the channel.
Gnanadesikan (1999) put forth a model of the global
ocean pycnocline with three interacting components:
North Atlantic sinking, low-latitude diffusive upwelling,
and a Southern Ocean component that involves both
Ekman and eddy transport (see also Wolfe and Cessi
2010; Nikurashin and Vallis 2012; Shakespeare and
Hogg 2012). Our simplified geometry avoids introducing
the additional unknown residual overturning, allowing
us to focus purely on the eddy behavior. Our study
should be interpreted not as a complete model of the
global deep stratification but as a refinement of the
Southern Ocean component of Gnanadesikan (1999),
which must be coupled with other components to un-
derstand the global problem.

b. Scaling of the thermocline depth

We now discuss the relationship between eddy heat
transport efficiency and thermocline depth in this ideal-
ized problem. For simplicity, consider first the flat-
bottomed, zonally symmetric case. The mean meridional
heat transport (MHT, H) across a latitude circle is given,
in the Boussinesq approximation, by

H(y)5 r0cpLx

ð 0

2H
hy(u2 u0)i dz , (1)

where r0 and cp are, respectively, the reference density
and specific heat of seawater, y is the meridional veloc-
ity, u is the potential temperature, and the angle
brackets h i indicate a zonal and time average (Peixóto
and Oort 1992). Since the total vertically integrated
mass flux across a latitude circle (or any other circum-
polar contour) must vanish, an arbitrary constant u0 can
be chosen without changing H (de Szoeke and Levine

FIG. 1. (left) The vertically integrated divergence of the transient eddy heat flux in theACC region, calculated from
SOSE. The black contours are contours of the barotropic transport streamfunction C, defining streamlines of the
ACC. (right) The integrated heat transport across streamlines. The total (HC) is decomposed into mean (HC

mean) and
eddy (HC

eddy) components. Only the divergent part of the eddy heat flux contributes to the cross-stream transport.
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Satellite Altimetry

The m factor masks all regions that are not within a coherent structure, assuming such regions164

move only with the mean flow and induce no relative dispersion. By comparing Km
rel with Krel ,165

we thereby quantify the fraction of meridonal eddy transport due to coherent structures. If it is166

true that eddy transport is “mainly due to individual eddy movements” (Dong et al. 2014), then167

Km
rel ' Krel . (Note that Km

rel includes dispersion due to both eddy translation and rotation within the168

eddy.) In contrast, if most of the transport is due to incoherent motion outside of the structures,169

then Km
rel < Krel .170

3. Satellite Data and Particle Advection171

a. AVISO Surface Geostrophic Velocities172

In this study, we consider only transport by the two-dimensional near-surface geostrophic ve-173

locity. This is of course an incomplete representation of the full flow field, but the geostrophic174

flow is by far the dominant component at the scales of interest here. It was shown by Rypina et al.175

(2012) that Ekman currents, the main ageostrophic motion in the open ocean, make a negligible176

contribution to mesoscale dispersion compared to the geostrophic flow. In the conclusions, we177

speculate about the possible role of ageostrophic and / or unresolved motion for the detection of178

RCLVs.179

The surface geostrophic velocity field (vg) is related to the sea surface height relative to the180

geoid (h) via181

k̂⇥vg =�g
f

—h (8)

where f is the Coriolis parameter, g is the gravitational acceleration, and k̂ is the unit vector182

pointing out of the sea surface. Equator, blah blah...183

10

ssh is streamfunction for 
surface geostrophic flow



Sea-surface-height eddies 
(Chelton et al., 2011)

3.4. Eddy origins and terminations

A census of eddy origins is shown in the upper panel of Fig. 6.
The most clearly defined regions of frequent eddy formation are
along the eastern boundaries of the ocean basins. These eddies
most likely form as meanders that pinch off of the eastern bound-
ary currents and undercurrents or from other manifestations of
baroclinic instability in these regions of vertically sheared currents.
Outside of these eastern boundary regions, eddies apparently form
throughout most of the open-ocean regions where propagating ed-
dies are observed (Figs. 4a and 5). This is consistent with the con-
clusions of Gill et al. (1974), Robinson and McWilliams (1974),
Stammer (1998) and Smith (2007b) and others that nearly all of
the World Ocean is baroclinically unstable, particularly in regions
where the flow is non-zonal (Spall, 2000; Arbic and Flierl, 2004;
Smith, 2007a).

The large number of eddies formed along the various seamount
chains northwest of Hawaii is notable. This may be an indication of
interaction between bottom topography and the flow field, which
could include Rossby waves incident from the eastern basin. Or it
may be attributable to abrupt amplification of westward propagat-
ing eddies that are too small to detect in the eastern basin and only
become trackable when their amplitudes increase as they encoun-
ter these bathymetric features.

It should be kept in mind that some of the apparent eddy
formations in the upper panel of Fig. 6 may actually be the reappear-
ance of eddies that are temporarily lost to the tracking procedure be-
cause of a variety of factors (e.g., noise in the SSH fields or because the
shapes of the eddies become temporarily too distorted from interac-
tions with other nearby mesoscale features). Based on animations of
the tracked eddies, we do not feel that this is a major problem, but we
are not able to quantify how frequently this occurs.

Fig. 4a and b. The trajectories of cyclonic (blue lines) and anticyclonic (red lines) eddies over the 16-year period October 1992–December 2008 for (a) lifetimes P16 weeks
and (b) lifetimes P16 weeks for only those eddies for which the net displacement was eastward. The numbers of eddies of each polarity are labeled at the top of each panel.

174 D.B. Chelton et al. / Progress in Oceanography 91 (2011) 167–216

These five criteria can be used to define eddies once a threshold
level of SSH is fixed. In order to make the eddy identification
‘‘threshold-free,’’ the SSH field is partitioned using a range of SSH
thresholds from !100 cm to +100 cm. Anticyclonic and cyclonic
eddies are defined separately. For anticyclonic eddies, which are
concave-down, the partitioning begins with an SSH threshold of
!100 cm and proceeds upwards in increments of 1 cm until a
closed contour of SSH that satisfies the above criteria is found
(Fig. B1). At each thresholding step, the interior pixels of any eddies
that are identified are removed from the set of pixels available for
defining subsequent eddies. Cyclonic eddies (concave-up) are sim-
ilarly identified, with the thresholding beginning at +100 cm, and
proceeding downwards. This procedure identifies the largest re-
gions that satisfy the above five eddy definition criteria. Since all
of the pixels that comprise each eddy satisfy criterion 1, the perim-
eter pixels (i.e., the non-interior pixels of the eddy) will approxi-
mate the outermost closed contour, which is approximately the
streamline surrounding the eddy. Because the identification proce-
dure considers SSH thresholds of both signs for both anticyclonic
and cyclonic eddies, eddies can be identified even when superim-
posed on larger-scale background SSH features of either sign
(Fig. B1).

The choice of 8 pixels in criterion 2 as the minimum area for
defining an eddy was motivated by the conclusions of Appendix
A.3 that the smoothing in the objective analysis procedure used
by SSALTO/DUACS to construct the SSH fields of the AVISO Refer-
ence Series has a half-power filter cutoff of about 2! and thus
attenuates features with radius scales Le smaller than about 0.4!,
where Le is the e-folding scale of a Gaussian approximation for
the eddy structure, see Eq. (A.1). The area of a circle with 0.4! ra-
dius is equivalent to that of 8 pixels with dimensions of 1/4! " 1/
4!. Hence the choice of an 8-pixel cutoff for the minimum allow-
able areal extent of an eddy. With the tracking procedure described
below in Appendix B.4, this cutoff minimum eliminates approxi-
mately 1/3 of the eddies identified as closed contours of SSH with
lifetimes of 4 weeks and longer.

Criterion 5 is imposed because closed contours on the outer
flanges of eddies often enclose elongated features or broad ame-
ba-like regions, often with multiple extrema, that do not resemble
the usual notion of compact form for rotating vortices. Requiring
that the maximum distance between any pairs of points within
an eddy interior be less than a specified threshold usually allows
identified eddies to be restricted to compact structures (see
Figs. C2 and C3 and the related discussion in Appendix C). We have
taken the maximum-distance threshold to be 400 km for latitudes
above 25!, which is shown in Appendix C to be a good choice. To
allow for the detection of low-latitude eddies and eddy-like fea-
tures (e.g., tropical instability waves) that can have scales larger

than 400 km, the maximum distance criterion was increased line-
arly to 1200 km at the equator.

Using the above stepwise thresholding procedure with incre-
ments of 1 cm, eddies with amplitudes smaller than 1 cm are not
retained. In principle, it is easy to reduce the increment to a value
smaller than 1 cm, thus allowing the detection of eddies with
smaller amplitudes. In practice, however, this often resulted in
large, ameba-like eddy perimeters because the outermost ‘‘flanges’’
of eddies tend to be broad and relatively flat (see the composite
eddy profiles in Fig. 15). An increment of 1 cm yields a good com-
promise between minimum resolvable eddy amplitude and well
defined and compact eddy interiors.

The algorithm described above can yield eddies with more than
one local extremum of SSH. This could occur because of multiple
eddies in close proximity that are contained within a single outer-
most closed contour of SSH, or because of irregularity of the SSH
structure within a single eddy from noise in the SSH fields. We at-
tempted to separate, or split, multiple eddies by successive appli-
cation of the algorithm. This splitting often resulted in
undesirable characteristics of the tracked eddies, e.g., abrupt and
large changes in the area of an eddy interior and the eddy ampli-
tude from one time step to the next along its trajectory and false
identification of short-lived, small-amplitude eddies. After much
experimentation, the eddy splitting procedure was abandoned.

B.3. Definitions of eddy amplitude and scale

The amplitude of each anticyclonic eddy is defined as the differ-
ence A = hmax ! h0 between the maximum SSH within the eddy,
hmax, and the average height value h0 around the outermost closed
contour of SSH that defines the eddy perimeter (see Fig. B1). Sim-
ilarly, the amplitude of each cyclonic eddy is defined as the differ-
ence A = h0 ! hmin between h0 and the minimum SSH within the
eddy, hmin. The amplitude of an eddy is thus a positive quantity
for either polarity. The ‘‘basal value’’ h0 of each eddy is estimated
as the average SSH over the perimeter pixels of each eddy. Because
of the discretization of the SSH field by the 1/4!"1/4! grid, the
perimeter pixels do not generally all have the same value, espe-
cially when the SSH topography is steeply sloped around a portion
or all of the eddy perimeter.

For tracking purposes (see Appendix B.4) the size of each eddy
is characterized by the effective radius, Leff, defined to be the radius
of the circle that has the same area as the region within the eddy
perimeter (Fig. B1).

We have adopted three definitions for eddy scale. One of these
is an indirect estimate based on the axially symmetric Gaussian
expressed as Eq. (A.1), which is a good approximation for the
central 2/3 of the average profile of the composite eddy in

A
h = 0

h = ho

h = -100 cm

SSH

(1-e-1)A

2L
2Le
2Leff

Fig. B1. A schematic summary of the automated eddy identification procedure for the case of an anticyclonic eddy (concave downward SSH) on a large-scale background
negative SSH with larger magnitude than the amplitude of the eddy. The dashed line represents the basal value hO of SSH around the outermost closed contour of SSH defining
the boundary of the eddy. The amplitude A and the radius scale variables Leff, Le and L as defined in Appendix B.3 are shown schematically for the eddy.
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1. The SSH values of all of the pixels are 
above (below) a given SSH threshold for 
anticyclonic (cyclonic) eddies. 


2. There are at least 8 pixels and fewer 
than 1000 pixels comprising the 
connected region. 


3. There is at least one local maximum 
(minimum) of SSH for anticyclonic 
(cyclonic) eddies. 


4. The amplitude of the eddy is at least 1 
cm (see below).


5. The distance between any pair of 
points within the connected region must 
be less than a specified maximum. 



Two Paradigms of “Eddy Flux”

Reynolds Flux Coherent Eddy
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Fig. 2. Three-dimensional structures of trapped fluid by mesoscale eddies and 
potential vorticity (PV) distributions on representative isopycnals. (A) PV contours on 
three isopycnal surfaces of a warm-core eddy identified by the altimetry data at 
30.1°N, 150.1°E in the subtropical North Pacific on May-25-2005. Sea level anomaly 
at the eddy center is 12 cm. The shape and depth of isopycnals are represented by 
the three-dimensional surfaces. The potential density of the upper, middle and lower 
isopycnals is 23.35 kg m−3, 26.59 kg m−3 and 27.48 kg m−3, respectively. PV 
distribution on the isopycnal is depicted by colored contours. The transparent black 
surface, defined by the outmost closed PV contours, signifies the boundary of 
trapped fluid by this warm-core eddy. (B) Same as (A) except for a cold-core eddy 
identified by the altimetry data at 30.7°N, 151.0°E in the subtropical North Pacific on 
May-25-2005. Sea level anomaly at the eddy center is -14 cm. The depicted 
isopycnal surfaces are 23.99 kg m−3, 26.75 kg m−3 and 27.56 kg m−3, respectively. 
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• Statistical


• Eulerian


• Flux due to correlations btw. 
fluctuating velocity and tracer


• Atmospheric science, linear 
theory, eddy parameterization, 
model diagnostics

• Countable


• Lagrangian(?)


• Flux due to motion of 
coherent structure 


• Dynamical systems, 
observational physical 
oceanography


• Non-local transport: 
Challenging to parameterize
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Global heat and salt transports by eddy movement
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Oceanic mesoscale eddies contribute important horizontal heat and salt transports on a

global scale. Here we show that eddy transports are mainly due to individual eddy move-

ments. Theoretical and observational analyses indicate that cyclonic and anticyclonic eddies

move westwards, and they also move polewards and equatorwards, respectively, owing to the

b of Earth’s rotation. Temperature and salinity (T/S) anomalies inside individual eddies tend

to move with eddies because of advective trapping of interior water parcels, so eddy

movement causes heat and salt transports. Satellite altimeter sea surface height anomaly

data are used to track individual eddies, and vertical profiles from co-located Argo floats are

used to calculate T/S anomalies. The estimated meridional heat transport by eddy movement

is similar in magnitude and spatial structure to previously published eddy covariance

estimates from models, and the eddy heat and salt transports both are a sizeable fraction of

their respective total transports.
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Can we infer eddy fluxes from coherent structures?

Discussion
Uncertainties associated with the present eddy flux estimate are
primarily due to the paucity of the observational data. Despite the
sizeable number of Argo profiles available, only those trapped in

eddies are useful for our analysis. Owing to the lack of full spatial
and temporal coverage of eddies by Argo profiles, we had to use
bin averaging and then zonal or meridional averaging to obtain
the results shown in Figs 3–5. The s.e. arising from such averaging
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Figure 3 | Heat and freshwater transports by eddy movement in northern Pacific Ocean. Section-integrated, time-averaged heat Q h (a,b) and salt Q s

(c,d) transports by eddy movement in the North Pacific Ocean. Panels a and c and panels b and d are for the shore-to-shore zonally integrated
meridional (northwards) and [7.5–62.5!N] meridionally integrated zonal (eastwards) transport components, respectively. The blue, red and black lines are
for the cyclonic, anticyclonic and total transports, respectively.
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Figure 4 | Comparison with model results for eddy-induced heat transport. Comparison of zonally integrated, time-averaged meridional heat transports
by eddy movement Q h [PW] in red with Jayne and Marotzke1 in black, and Volkov et al.2, in blue: World Ocean (a), Pacific Ocean (b), Indian Ocean
(c) and Atlantic Ocean (d). The uncertainty range of the eddy heat transport by the eddy movement is indicated by the yellow shading. The data from Jayne
and Marotzke1 are digitized from their paper, and Volkov et al.2 provided their data to the authors.
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Are all the “eddies” seen in SSH actually 
materially coherent? 

Estimates of eddy heat transport are conventionally made in
an Eulerian framework. Three approaches have been used:
the first is the direct calculation of the covariance between

temperature and velocity anomalies, V 0T 0, in the intraseasonal
frequency spectrum band1–3; the second is the assumption that
the covariance V 0T 0 is associated with geostrophic turbulent
dispersion and is equal to the mean temperature gradient rT
times an eddy diffusion coefficient, which itself must be
independently estimated4; and the third is the calculation of the
V0T0 product based on the vertical phase shift between
temperature and geostrophic velocity associated with baroclinic
instability5–7. None of these methods explicitly identify eddy
movement, which is more naturally considered in a Lagrangian
framework.

Theoretical and observational analyses indicate that cyclonic
and anticyclonic eddies usually move westwards, and they also
move polewards and equatorwards, respectively, because of the b
of Earth’s rotation8,9. T/S anomalies inside individual eddies (with
respect to the ambient water) occur due to geostrophic uplift and
depression of the background pycnocline vertical profiles
associated with cyclonic and anticyclonic eddies, respectively.
The sign of the T/S anomaly tends to be opposite in cyclonic
eddies from anticyclonic eddies. The T/S anomalies tend to move
with the eddies owing to advective trapping of interior water
parcels, so eddy movement causes heat and salt transport. If
information is available about eddy location and movement, and
the associated T/S anomalies, then eddy heat and salt transport
can be estimated by assuming that the compensating currents
outside the eddies do not have correlated T/S anomalies on
average. Automated eddy detection schemes have been applied to
data sets from different surface observations9–11. They can be
combined with the accumulating data sets on T/S vertical profiles
from Argo profiling floats to directly estimate the heat and salt
transport due to eddy movement.

Using an eddy data set from satellite altimeter sea surface
height anomaly (SSHA) data and T/S profiles from Argo floats,
this study shows that the westwards zonal transport of heat and
salt by cyclonic and anticyclonic eddies offsets each other, but
they enhance each other in the meridional direction. The
estimated meridional heat transport by eddy movement is similar
in magnitude and spatial structure to previous eddy covariance
estimates from models1,2, and the eddy heat and salt transport
each is a sizeable fraction of its respective total transport3,12. The
demonstrated importance of eddy transport supports the need for
eddy-resolving oceanic models in climate simulations.

Results
Detected eddies and co-located Argo profiles. A velocity geo-
metry-based automated eddy detection scheme13 is applied to
surface geostrophic velocity anomalies derived from SSHA data to
detect sea surface eddies. The Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO) multiple
satellite-merged SSHA product is used, which has a spatial
resolution of 1/3!! 1/3! and a 7-day temporal sampling over a
period from January 1993 to December 2010 (Dong et al.14). The
detected eddy data set carries the information of eddy centre
location, time, eddy polarity, eddy size, eddy boundary curve and
eddy movement velocity. A global eddy data set is derived from
the AVISO data using this method; it is available online15. Eddy
statistical and dynamical characteristics in the subtropic frontal
zone of the Northern Pacific Ocean were previously analysed
based on this eddy data set10.

The T/S vertical profiles of Argo floats from August 1999 to
December 2010 are used16, and the T/S data are linearly
interpolated onto 100 evenly spaced depth levels from 10 to

1,000 m. Individual profiles of T/S anomalies, T0(z) and S0(z), are
calculated by subtracting the average over all Argo profiles within
5!! 5! bins. Given the large number of Argo profiles now
available, the time-mean profiles are comparable to the Levitus
climatological data17.

All T/S profiles available within a detected eddy boundary
around a specified date are collected and their anomalies are
averaged. As the SSHA data are composited every 7 days, Argo T/
S profiles within a 3-day interval of the composite time are treated
as if simultaneous with the composite SSHA. The spatial
distribution of the number of Argo vertical profiles within eddies
in 5!! 5! bins is shown in Fig. 1. In the North Pacific Ocean, for
example, 7,249 and 8,131 Argo profiles are located inside cyclonic
and anticyclonic eddies, respectively, out of a total of 203,904
Argo profiles. On the other hand, 6,531 and 7,141 cyclonic and
anticyclonic eddies contain at least one Argo vertical profile,
which indicates that few eddies have multiple profiles. However,
most bins contain multiple eddies, especially in the Northern
Hemisphere. An example of the T/S anomaly vertical profiles in
the bin at [35!N–40!N]! [160!E–165!E] is shown in Fig. 2.

Heat and freshwater transports by eddy movement. We assume
the eddies move coherently as bulk entities at all levels. For a
single eddy with radial size re, horizontal movement velocity u0e,
and T/S anomaly profiles T 0e zð Þ; S0e zð Þ, the horizontal heat and salt
transports Qe are calculated by

Qeh ¼ su0e

Z
dzroCpoð2reÞT 0e;

Qes ¼ su0e

Z
dzroð2reÞS0e;

ð1Þ

with units of W for heat and kg s% 1 for salt mass, respectively.
ro¼ 1,025 kg m% 3 and Cpo¼ 4,200 J kg% 1 !C% 1 are mean
upper-ocean density and heat capacity. The vertical integral is
calculated by discrete summation over the interpolated vertical
levels. The size of an eddy varies vertically. Modelling and
observational experience has shown that there are three types of
oceanic eddies in terms of vertical shape18: bowl, lens and cone
shaped. Most eddies are bowl shaped. The coefficient s is set to 0.5
as a conservative choice of the vertical shape effect on eddy flux;

100

50

0

Figure 1 | Argo profiles trapped by eddies. The spatial distribution of
the number of Argo profiles within cyclonic eddies (upper panel) and
anticyclonic eddies (lower panel). The bin size is 5!! 5!.
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that is, this is the minimum prefactor in equation (1), associated
with a cone. Within each bin we average all the eddies that have
simultaneous movement and T/S profile measurements (denoted
by angle brackets). As only a fraction of the SSHA-detected eddies
also have Argo profiles, we estimate the total time-mean
transports by eddy movement by multiplying the average single
eddy by the detected population number density Ne within each
bin, where Ne is the total detected eddy number multiplied by the
sampling interval of altimetry data (7 days) and divided by the
time length of the analysis period; that is,

Th ¼ NehQehi; Ts ¼ NehQesi: ð2Þ
The salt mass transport can be reinterpreted as an equivalent

freshwater volume transport assuming conservation of mass
across the transport section; that is, Ffw¼ $Ts/roSo, where
So¼ 35 p.s.u. (salt mass fraction) is the mean upper-ocean
salinity. The unit of Ffw is m3 s$ 1.

Section-integrated, time-averaged heat and salt mass transport
by cyclonic and anticyclonic eddy movement in the North Pacific
Ocean are shown in Fig. 3. In the zonal direction, because of the
differing cyclonic and anticyclonic eddy movement and pycno-
cline displacement tendencies, both eddy types have negative
zonal velocity (westwards propagation), so zonal heat and salt
mass transport by the two types of eddies have opposite sign and
tend to offset each other; hence, the total zonal eddy transport is
generally smaller than by either type of eddy alone. In the
meridional direction, however, where both the eddy propagation
velocity and the heat and salt anomalies usually have opposite
sign, the heat and salt transports by the two types of eddies have
the same sign and mostly combine to give larger values than from
either type alone (Fig. 3). The spatial structure of the transport
estimates is noticeably non-smooth on the 5! spatial resolution
scale, suggestive of a degree of undersampling because too few
eddies are detected. Mesoscale eddy fluxes have severe sampling
errors, especially for conventional covariance-based estimates19.

Taking a global view, the zonally integrated meridional heat
transport by eddy movements is plotted in Fig. 4. No estimate of
transport by eddy movements is made within [5!S–5!N] owing
to a problematic geostrophic approximation near the equator.
We superimpose two previous estimates1,2 based on the first
conventional approach defined above (anomaly covariance) using
oceanic model simulations. All three results are similar both in

the magnitude of the eddy heat transport, several times 0.1 PW
(1015 W), and in the general distribution with latitude. The
discrepancies among these estimates are from uncertainties
associated with each one. The estimation uncertainty in the
current estimate depends on the spatial and temporal sampling
frequency of vertical profiles of T/S within detected oceanic
eddies (see Methods).

The primary structure is a heat transport convergence in the
tropical zone and divergence in the subtropical and subpolar
zones; that is, eddies transport heat towards the equator in the
tropical zone in both hemispheres. This structure is evident in all
three oceanic basins, but it is the clearest in their global
combination. Its magnitude is a sizeable fraction (about 20–
30%) of the total meridional heat flux in the tropical ocean but in
the opposite direction12. A polewards transport is also indicated
in the Southern Ocean. While the different estimates disagree by
tens of percent in particular bins, they are remarkably consistent
on the larger scale. This agreement implies, in particular, that
eddy movement is a primary, if not dominant, mechanism for
eddy heat transport.

The global-scale estimate of salt transport by eddy movement is
shown in Fig. 5, expressed in terms of the equivalent freshwater
volume flux Ffw [Sv]. The overall magnitude is several times 0.1 Sv.
The meridional transport patterns are approximately equatorial
divergence, near-equatorial convergence and extratropical diver-
gence, albeit with considerable variation on the bin scale. This
magnitude is a moderate fraction (about 20–30%) of the B1 Sv of
the total oceanic meridional freshwater transport. The eddy flux
pattern is congruent with the total flux pattern of freshening the
evaporative subtropical zone and depleting the precipitative
equatorial and extratropical zones12. An application of the
second conventional estimation approach (with an eddy
diffusivity) to the observed r!S yielded an estimate4 nearly an
order of magnitude larger than the present eddy movement
estimate and, therefore, is somewhat implausible. The estimated
eddy freshwater flux has the same order of magnitude as that from
an eddy-resolving model in the Southern Hemisphere3, and it has
similar latitudinal variation with northwards flux in the middle
latitudes; however, the present estimate exhibits more variability
with latitude. Thus, we conclude, albeit with somewhat less
confidence than for heat transport, that the contribution of eddy
movement to salt transport also seems likely to be significant.
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Figure 2 | Vertical profiles of T/S affected by eddies. An example of bin-averaged T/S vertical profiles from Argo data in the bin located at
[35!N–40!N]% [160!E–165!E]: temperature (a), salinity (b), temperature anomaly (c) and salinity anomaly (d). Blue and red lines are for cyclonic and
anticyclonic eddies, respectively, and the black lines are the means from all profiles.
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“…eddy heat and salt transports 
are mainly due to individual 
eddy movements.”

Estimates of eddy heat transport are conventionally made in
an Eulerian framework. Three approaches have been used:
the first is the direct calculation of the covariance between

temperature and velocity anomalies, V 0T 0, in the intraseasonal
frequency spectrum band1–3; the second is the assumption that
the covariance V 0T 0 is associated with geostrophic turbulent
dispersion and is equal to the mean temperature gradient rT
times an eddy diffusion coefficient, which itself must be
independently estimated4; and the third is the calculation of the
V0T0 product based on the vertical phase shift between
temperature and geostrophic velocity associated with baroclinic
instability5–7. None of these methods explicitly identify eddy
movement, which is more naturally considered in a Lagrangian
framework.

Theoretical and observational analyses indicate that cyclonic
and anticyclonic eddies usually move westwards, and they also
move polewards and equatorwards, respectively, because of the b
of Earth’s rotation8,9. T/S anomalies inside individual eddies (with
respect to the ambient water) occur due to geostrophic uplift and
depression of the background pycnocline vertical profiles
associated with cyclonic and anticyclonic eddies, respectively.
The sign of the T/S anomaly tends to be opposite in cyclonic
eddies from anticyclonic eddies. The T/S anomalies tend to move
with the eddies owing to advective trapping of interior water
parcels, so eddy movement causes heat and salt transport. If
information is available about eddy location and movement, and
the associated T/S anomalies, then eddy heat and salt transport
can be estimated by assuming that the compensating currents
outside the eddies do not have correlated T/S anomalies on
average. Automated eddy detection schemes have been applied to
data sets from different surface observations9–11. They can be
combined with the accumulating data sets on T/S vertical profiles
from Argo profiling floats to directly estimate the heat and salt
transport due to eddy movement.

Using an eddy data set from satellite altimeter sea surface
height anomaly (SSHA) data and T/S profiles from Argo floats,
this study shows that the westwards zonal transport of heat and
salt by cyclonic and anticyclonic eddies offsets each other, but
they enhance each other in the meridional direction. The
estimated meridional heat transport by eddy movement is similar
in magnitude and spatial structure to previous eddy covariance
estimates from models1,2, and the eddy heat and salt transport
each is a sizeable fraction of its respective total transport3,12. The
demonstrated importance of eddy transport supports the need for
eddy-resolving oceanic models in climate simulations.

Results
Detected eddies and co-located Argo profiles. A velocity geo-
metry-based automated eddy detection scheme13 is applied to
surface geostrophic velocity anomalies derived from SSHA data to
detect sea surface eddies. The Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO) multiple
satellite-merged SSHA product is used, which has a spatial
resolution of 1/3!! 1/3! and a 7-day temporal sampling over a
period from January 1993 to December 2010 (Dong et al.14). The
detected eddy data set carries the information of eddy centre
location, time, eddy polarity, eddy size, eddy boundary curve and
eddy movement velocity. A global eddy data set is derived from
the AVISO data using this method; it is available online15. Eddy
statistical and dynamical characteristics in the subtropic frontal
zone of the Northern Pacific Ocean were previously analysed
based on this eddy data set10.

The T/S vertical profiles of Argo floats from August 1999 to
December 2010 are used16, and the T/S data are linearly
interpolated onto 100 evenly spaced depth levels from 10 to

1,000 m. Individual profiles of T/S anomalies, T0(z) and S0(z), are
calculated by subtracting the average over all Argo profiles within
5!! 5! bins. Given the large number of Argo profiles now
available, the time-mean profiles are comparable to the Levitus
climatological data17.

All T/S profiles available within a detected eddy boundary
around a specified date are collected and their anomalies are
averaged. As the SSHA data are composited every 7 days, Argo T/
S profiles within a 3-day interval of the composite time are treated
as if simultaneous with the composite SSHA. The spatial
distribution of the number of Argo vertical profiles within eddies
in 5!! 5! bins is shown in Fig. 1. In the North Pacific Ocean, for
example, 7,249 and 8,131 Argo profiles are located inside cyclonic
and anticyclonic eddies, respectively, out of a total of 203,904
Argo profiles. On the other hand, 6,531 and 7,141 cyclonic and
anticyclonic eddies contain at least one Argo vertical profile,
which indicates that few eddies have multiple profiles. However,
most bins contain multiple eddies, especially in the Northern
Hemisphere. An example of the T/S anomaly vertical profiles in
the bin at [35!N–40!N]! [160!E–165!E] is shown in Fig. 2.

Heat and freshwater transports by eddy movement. We assume
the eddies move coherently as bulk entities at all levels. For a
single eddy with radial size re, horizontal movement velocity u0e,
and T/S anomaly profiles T 0e zð Þ; S0e zð Þ, the horizontal heat and salt
transports Qe are calculated by

Qeh ¼ su0e

Z
dzroCpoð2reÞT 0e;

Qes ¼ su0e

Z
dzroð2reÞS0e;

ð1Þ

with units of W for heat and kg s% 1 for salt mass, respectively.
ro¼ 1,025 kg m% 3 and Cpo¼ 4,200 J kg% 1 !C% 1 are mean
upper-ocean density and heat capacity. The vertical integral is
calculated by discrete summation over the interpolated vertical
levels. The size of an eddy varies vertically. Modelling and
observational experience has shown that there are three types of
oceanic eddies in terms of vertical shape18: bowl, lens and cone
shaped. Most eddies are bowl shaped. The coefficient s is set to 0.5
as a conservative choice of the vertical shape effect on eddy flux;
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Figure 1 | Argo profiles trapped by eddies. The spatial distribution of
the number of Argo profiles within cyclonic eddies (upper panel) and
anticyclonic eddies (lower panel). The bin size is 5!! 5!.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4294

2 NATURE COMMUNICATIONS | 5:3294 | DOI: 10.1038/ncomms4294 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

Estimates of eddy heat transport are conventionally made in
an Eulerian framework. Three approaches have been used:
the first is the direct calculation of the covariance between

temperature and velocity anomalies, V 0T 0, in the intraseasonal
frequency spectrum band1–3; the second is the assumption that
the covariance V 0T 0 is associated with geostrophic turbulent
dispersion and is equal to the mean temperature gradient rT
times an eddy diffusion coefficient, which itself must be
independently estimated4; and the third is the calculation of the
V0T0 product based on the vertical phase shift between
temperature and geostrophic velocity associated with baroclinic
instability5–7. None of these methods explicitly identify eddy
movement, which is more naturally considered in a Lagrangian
framework.

Theoretical and observational analyses indicate that cyclonic
and anticyclonic eddies usually move westwards, and they also
move polewards and equatorwards, respectively, because of the b
of Earth’s rotation8,9. T/S anomalies inside individual eddies (with
respect to the ambient water) occur due to geostrophic uplift and
depression of the background pycnocline vertical profiles
associated with cyclonic and anticyclonic eddies, respectively.
The sign of the T/S anomaly tends to be opposite in cyclonic
eddies from anticyclonic eddies. The T/S anomalies tend to move
with the eddies owing to advective trapping of interior water
parcels, so eddy movement causes heat and salt transport. If
information is available about eddy location and movement, and
the associated T/S anomalies, then eddy heat and salt transport
can be estimated by assuming that the compensating currents
outside the eddies do not have correlated T/S anomalies on
average. Automated eddy detection schemes have been applied to
data sets from different surface observations9–11. They can be
combined with the accumulating data sets on T/S vertical profiles
from Argo profiling floats to directly estimate the heat and salt
transport due to eddy movement.

Using an eddy data set from satellite altimeter sea surface
height anomaly (SSHA) data and T/S profiles from Argo floats,
this study shows that the westwards zonal transport of heat and
salt by cyclonic and anticyclonic eddies offsets each other, but
they enhance each other in the meridional direction. The
estimated meridional heat transport by eddy movement is similar
in magnitude and spatial structure to previous eddy covariance
estimates from models1,2, and the eddy heat and salt transport
each is a sizeable fraction of its respective total transport3,12. The
demonstrated importance of eddy transport supports the need for
eddy-resolving oceanic models in climate simulations.

Results
Detected eddies and co-located Argo profiles. A velocity geo-
metry-based automated eddy detection scheme13 is applied to
surface geostrophic velocity anomalies derived from SSHA data to
detect sea surface eddies. The Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO) multiple
satellite-merged SSHA product is used, which has a spatial
resolution of 1/3!! 1/3! and a 7-day temporal sampling over a
period from January 1993 to December 2010 (Dong et al.14). The
detected eddy data set carries the information of eddy centre
location, time, eddy polarity, eddy size, eddy boundary curve and
eddy movement velocity. A global eddy data set is derived from
the AVISO data using this method; it is available online15. Eddy
statistical and dynamical characteristics in the subtropic frontal
zone of the Northern Pacific Ocean were previously analysed
based on this eddy data set10.

The T/S vertical profiles of Argo floats from August 1999 to
December 2010 are used16, and the T/S data are linearly
interpolated onto 100 evenly spaced depth levels from 10 to

1,000 m. Individual profiles of T/S anomalies, T0(z) and S0(z), are
calculated by subtracting the average over all Argo profiles within
5!! 5! bins. Given the large number of Argo profiles now
available, the time-mean profiles are comparable to the Levitus
climatological data17.

All T/S profiles available within a detected eddy boundary
around a specified date are collected and their anomalies are
averaged. As the SSHA data are composited every 7 days, Argo T/
S profiles within a 3-day interval of the composite time are treated
as if simultaneous with the composite SSHA. The spatial
distribution of the number of Argo vertical profiles within eddies
in 5!! 5! bins is shown in Fig. 1. In the North Pacific Ocean, for
example, 7,249 and 8,131 Argo profiles are located inside cyclonic
and anticyclonic eddies, respectively, out of a total of 203,904
Argo profiles. On the other hand, 6,531 and 7,141 cyclonic and
anticyclonic eddies contain at least one Argo vertical profile,
which indicates that few eddies have multiple profiles. However,
most bins contain multiple eddies, especially in the Northern
Hemisphere. An example of the T/S anomaly vertical profiles in
the bin at [35!N–40!N]! [160!E–165!E] is shown in Fig. 2.

Heat and freshwater transports by eddy movement. We assume
the eddies move coherently as bulk entities at all levels. For a
single eddy with radial size re, horizontal movement velocity u0e,
and T/S anomaly profiles T 0e zð Þ; S0e zð Þ, the horizontal heat and salt
transports Qe are calculated by

Qeh ¼ su0e

Z
dzroCpoð2reÞT 0e;

Qes ¼ su0e

Z
dzroð2reÞS0e;

ð1Þ

with units of W for heat and kg s% 1 for salt mass, respectively.
ro¼ 1,025 kg m% 3 and Cpo¼ 4,200 J kg% 1 !C% 1 are mean
upper-ocean density and heat capacity. The vertical integral is
calculated by discrete summation over the interpolated vertical
levels. The size of an eddy varies vertically. Modelling and
observational experience has shown that there are three types of
oceanic eddies in terms of vertical shape18: bowl, lens and cone
shaped. Most eddies are bowl shaped. The coefficient s is set to 0.5
as a conservative choice of the vertical shape effect on eddy flux;
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Figure 1 | Argo profiles trapped by eddies. The spatial distribution of
the number of Argo profiles within cyclonic eddies (upper panel) and
anticyclonic eddies (lower panel). The bin size is 5!! 5!.
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Fig. 2. Three-dimensional structures of trapped fluid by mesoscale eddies and 
potential vorticity (PV) distributions on representative isopycnals. (A) PV contours on 
three isopycnal surfaces of a warm-core eddy identified by the altimetry data at 
30.1°N, 150.1°E in the subtropical North Pacific on May-25-2005. Sea level anomaly 
at the eddy center is 12 cm. The shape and depth of isopycnals are represented by 
the three-dimensional surfaces. The potential density of the upper, middle and lower 
isopycnals is 23.35 kg m−3, 26.59 kg m−3 and 27.48 kg m−3, respectively. PV 
distribution on the isopycnal is depicted by colored contours. The transparent black 
surface, defined by the outmost closed PV contours, signifies the boundary of 
trapped fluid by this warm-core eddy. (B) Same as (A) except for a cold-core eddy 
identified by the altimetry data at 30.7°N, 151.0°E in the subtropical North Pacific on 
May-25-2005. Sea level anomaly at the eddy center is -14 cm. The depicted 
isopycnal surfaces are 23.99 kg m−3, 26.75 kg m−3 and 27.56 kg m−3, respectively. 
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Coherent Lagrangian vortices: the black holes of turbulence

(a)

(b)

Transport of water by black-hole eddies
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FIGURE 4. (a) The evolution of black-hole eddies (extracted from 3 months of data) in the
South Atlantic over a period of 225 days. The eddies move from east to north-west (from right
to left). (b) The material evolution of a nonlinear SSH eddy over the same 225 days.

Continually available observational data for the ocean are limited to two spatial
dimensions. However, the existence of a coherent material belt outside down- or
upwellings should already be well-captured by two-dimensional altimetry data. We
therefore also expect black-hole-type vortices to be present in two-dimensional
atmospheric wind data, framing the Lagrangian footprints of hurricanes on Earth and
of the Great Red Spot on Jupiter.
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…SSH eddies are NOT material volumes!

“Coherently evolving velocity features tend to differ substantially from 
coherently moving fluid parcels…in unsteady flows”


Haller & Beron Vera (2013)



G. Haller and F. J. Beron-Vera

Typical material belt Coherent material beltHarry clarke's illustration for  
'A Descent into the Maelstrom' 

by Edgar Allan Poe (1841)

FIGURE 1. Edgar Allan Poe’s maelstrom and material belts in turbulence. A closed material
curve � (red) at time t0 is advected by the flow into its later position F

t

t0
(� ) at time t. The

advected curve remains coherent if an initially uniform material belt (green) around it shows no
leading-order variations in stretching after advection.

In unsteady flow, however, Eulerian vortex boundaries are not material barriers. A
fluid mass initialized in an Eulerian vortex will generally lose coherence, showing
stretching and filamentation along the vortex path. The end-result for the fluid mass
is widespread dispersion with little or no directionality (Beron-Vera et al. 2013). Yet
the identification of coherent material vortices is becoming increasingly important in a
number of areas. For instance, mesoscale oceanic eddies are broadly thought to carry
water without substantial leakage or deformation. If their boundaries indeed resist
filamentation, such eddies can create moving oases for the marine food chain (Denman
& Gargett 1983), or even impact climate change through their long-range transport of
salinity and temperature (Beal et al. 2011).

Lagrangian diagnostic tools show that some Eulerian vortices can carry fluid, but
their leakage tends to be substantial (Provenzale 1999; Froyland et al. 2012). A
rigorous approach to finding non-leaking material boundaries has recently emerged,
but focuses only on relatively rare boundaries that maximize Lagrangian shear (Beron-
Vera et al. 2013).

Parallel to these developments, coherent vortices are sometimes described as
whirlpools, or maelstroms, in popular fiction. An early example can be found in
Edgar Allan Poe’s short story entitled A Descent into a Maelström:

‘The edge of the whirl was represented by a broad belt of gleaming spray; but no particle
of this slipped into the mouth of the terrific funnel . . . ’

This literary account depicts a belt-like vortex boundary that keeps particles from
entering its interior (figure 1). Altogether, Poe’s view on vortices is Lagrangian, and
resonates with our intuition for black holes in cosmology.

As we show below, this view turns out to have some merit. When appropriately
modelled, Poe’s coherent belt becomes mathematically equivalent to a photon sphere,
i.e. a surface on which light encircles a black hole without entering it. This
analogy yields computational advantages, which we exploit in locating material eddy
boundaries in the South Atlantic Ocean. Using satellite altimetry-based velocities from
this region, we uncover super-coherent Lagrangian vortices, and derive estimates for
coherent material transport induced by the Agulhas leakage.
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How do we find materially coherent eddies?

George Haller 
ETH

Solution: use Lagrangian “flow map” to identify exceptionally coherent 
material lines ⇒ Lagrangian Coherent Structures (LCS)

Apply dynamical systems theory to the problem of eddy 
detection. Method must be:


• Objective / frame-invariant (observers in all references 
frames would find the same eddies)


• Free of arbitrary “tuning parameters”
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Figure 4
(a) Material surface evolution in the extended phase space. (b) Material surface evolution in the phase space,
the geometry of the invariants of the Cauchy-Green strain tensor C, and their relation to the generalized
Green-Lagrange deformation tensor Eλ.

For a smooth (or smoothed) velocity data set, the flow map is a smooth function of initial conditions
over finite times (Arnold 1973); thus spatial convergence is not an issue.

A notable exception is FSLE analysis, which involves running the flow map over different times
for different initial conditions, until local stretching reaches a prescribed threshold (Aurell et al.
1997, Lai & Tél 2011). This computation generically leads to intrinsic jump discontinuities in
the FSLE field along codimension-one surfaces of initial conditions (Karrasch & Haller 2013).
Figure 3d shows these FSLE discontinuities for a steady gyre flow, while the FTLE field remains
smooth for the same grid resolution.

3. OBJECTIVE DESCRIPTION OF LAGRANGIAN DEFORMATION
Here I review the classic objective quantities describing material deformation and survey compu-
tational methods targeting these quantities in fluid flows. I start with a velocity field v(x, t), which
generates trajectories through the differential equation

ẋ = v(x, t), x ∈ U , t ∈ [t0, t1]. (2)

The positions x = (x1, x2, x3) vary in a bounded flow domain U ⊂ R3, with times t ranging over a
finite time interval [t0, t1]. The solutions of Equation 2 are denoted by x(t; t0, x0), with x0 referring
to the initial position at time t0. In the case of two-dimensional flows, we have x = (x1, x2) and
U ⊂ R2 in Equation 2.

3.1. Flow Map
Central to the Lagrangian description of fluid motion is the flow map

F t
t0 (x0) := x(t; t0, x0), x ∈ U , t ∈ [t0, t1], (3)
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taking an initial position x0 to its current position x(t; t0, x0) at time t. For any smooth velocity field
v(x, t), the flow gradient ∇F t

t0 (x0) is an invertible matrix, serving as the normalized fundamental
matrix solution of the equation of variations (Arnold 1973)

ẏ = ∇v(x(t; t0, x0))y . (4)

Let us consider a hypersurface M(t0) of initial fluid positions (i.e., a smooth set that has dimension
one less than that of U ). A material surface

M(t) := F t
t0 (M(t0)) (5)

will then be the time-t position of the initial surface M(t0) evolving under the flow (see
Figure 4a).

3.2. Strain Tensors
In exploring Lagrangian coherence, we are interested in finding material surfaces M(t) with an
exceptional impact on the deformation of nearby material elements. The local deformation along
any trajectory traveling inM(t) is reflected by the evolution of infinitesimal perturbations y(t) to the
trajectory. These perturbations evolve under Equation 4 and can be written as y(t) = ∇Ft

t0 (x0)y(t0)
because ∇F t

t0 (x0) is the fundamental matrix solution of Equation 4 satisfying ∇Ft0
t0 (x0) = I . The

squared magnitude of an evolving perturbation at the final time t1 is therefore equal to

|y(t1)|2 =
!
∇F t1

t0 (x0)y(t0), ∇F t1
t0 (x0)y(t0)

"
= ⟨y(t0), C(x0)y(t0)⟩,

where the right Cauchy-Green strain tensor C(x0) is defined as (Truesdell & Noll 2004)

C(x0) =
#
∇F t1

t0 (x0)
$T ∇F t1

t0 (x0). (6)

This symmetric tensor is positive definite owing to the invertibility of ∇Ft1
t0 . The eigenvalues

λi (x0) and eigenvectors ξi (x0) of C(x0) satisfy

Cξi = λiξi , |ξi | = 1, i = 1, . . . , n; 0 < λ1 ≤ · · · ≤ λn, ξi ⊥ ξ j , i ̸= j, (7)

where n = 2 for two-dimensional flows, and n = 3 for three-dimensional flows. The tensor C
and its invariants depend on the choice of the time interval [t0, t1], suppressed here for notational
simplicity. In incompressible flows, det C =

%
i λi ≡ 1 holds. Thus, for generic x0 locations, for

which the eigenvalues of C are not repeated, we have

0 < λ1 < 1 < λn.

Figure 4b illustrates the geometric meaning of the invariants of the Cauchy-Green deformation
tensor. An infinitesimally small sphere initialized at point x0 is carried by the flow along the
trajectory x(t; t0, x0) into a small ellipsoid, whose n principal axes are aligned with the vectors
ri (x0) = ∇F t1

t0 (x0)ξi (x0). The length of the i-th principal axis is
&

λi (x0) times the radius of the
initial sphere.

We also use a generalized family of Green-Lagrange strain tensors defined as

Eλ(x0) = 1
2

[C(x0) − λ2 I ], λ > 0, (8)

which measures the deviation of the infinitesimal deformation at x0 from a uniform spherical
expansion by a factor of λ, as illustrated in Figure 4. For λ = 1, we recover the classic Green-
Lagrange tensor, as defined by Truesdell & Noll (2004). The tensor Eλ(x0) is symmetric but
generally not positive definite. Indeed, its eigenvalues are νi (x0) = λi (x0) − λ2, some of which will
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Coherent Lagrangian vortices: the black holes of turbulence

(a)

(b)

Transport of water by black-hole eddies

Transported water after 0, 45, 90, 135, 180 and 225 days

Transported water after 0, 45, 90, 135, 180 and 225 days

Transport of water by a sea-surface-height eddy

18.5° S

10° E

10° E

35° S

35° S

25° W

25° W

South Atlantic

South Atlantic

8

7
6

5

3

2
BH eddy 8
BH eddy 7
BH eddy 6
BH eddy 5
BH eddy 4
BH eddy 3
BH eddy 2

SSH eddy

FIGURE 4. (a) The evolution of black-hole eddies (extracted from 3 months of data) in the
South Atlantic over a period of 225 days. The eddies move from east to north-west (from right
to left). (b) The material evolution of a nonlinear SSH eddy over the same 225 days.

Continually available observational data for the ocean are limited to two spatial
dimensions. However, the existence of a coherent material belt outside down- or
upwellings should already be well-captured by two-dimensional altimetry data. We
therefore also expect black-hole-type vortices to be present in two-dimensional
atmospheric wind data, framing the Lagrangian footprints of hurricanes on Earth and
of the Great Red Spot on Jupiter.
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Rotationally Coherent Lagrangian Vortices

Lagrangian-Averaged Vorticity Deviation:

ω (x0 ,t0 )−ω (t0 )
ω (x0 ,t0 )−ω (t0 )

ω (x(t),t)−ω (t)
ω (x(t),t)−ω (t)

r0 x0

x(t)

ψ
t0

t (x
0
)

r
t
= Φ

t0

t (x
0
)r
0

Figure 1: The geometry of the intrinsic rotation angle  t
t0(x0) along a material trajectory x(t) in a three-

dimensional deforming continuum.

The mean rotation tensor ⇥t
t0 is not dynamically consistent because (16) exhibits the same memory

e↵ect discussed for (12).
The dynamic consistency of �t

t0 implies that the total angle swept by this tensor around its
own axis of rotation is dynamically consistent. This angle  t

t0(x0), called intrinsic rotation angle
(see Fig. (1)), therefore satisfies

 
t
t0(x0) =  

t
s(x0) +  

s
t0(x0), s, t 2 [t0, t1].

In addition, as shown in Haller (2015b),  t
t0(x0) is objective both in two and three dimensions. In

two dimensions, even the tensor �t
t0 itself turns out to be objective, not just its associated scalar

field  t
t0(x0).

Using the results obtained in Haller (2015b), the intrinsic dynamic rotation  
t
t0(x0) can be

computed as

 
t
t0(x0) =

1

2
LAVDt

t0(x0), (17)

with the Lagrangian-Averaged Vorticity Deviation (LAVD) defined here as

LAVDt
t0(x0) :=

Z t

t0

|!(x(s;x0), s)� !̄(s)| ds. (18)

The objectivity of  t
t0 and LAVD can be confirmed directly from formula (6). Indeed, under a

Euclidean observer change x = Q(t)y + b(t), the transformed vorticity !̃(y, t) satisfies

|!̃(y(s), s)� ˜̄!(s)| =
��QT (s)!(x(s), s) +Q

T (t)q̇(t)�
�
Q

T (s)!̄(s) +Q
T (t)q̇(t)

���

=
��QT (s) [!(x(s), s)� !̄(s)]

��

= |!(x(s), s)� !̄(s)| , (19)

because the rotation matrix Q
T (s) preserves the length of vectors. We summarize the results of

this section as follows:

Theorem 1. For an infinitesimal fluid volume starting from x0, the LAVDt
t0(x0) field is a dynami-

cally consistent and objective measure of bulk material rotation relative to the spatial mean-rotation
of the fluid volume U(t). Specifically, LAVDt

t0(x0) is twice the intrinsic dynamic rotation angle
generated by the relative rotation tensor �t

t0. The latter tensor is obtained from the dynamically
consistent decomposition

F
t
t0 = �t

t0⇥
t
t0M

t
t0 (20)

6

integral taken along 
Lagrangian trajectory

(a)

(b) (c)

(a)

(b) (c)

Figure 7: (a) Three-dimensional contour plot of LAVD50
0 (x0). Lagrangian vortex boundaries (outermost

rotational LCSs) extracted from Algorithm 1 are shown in red. (b) Vortex boundaries shown in the flow
domain at initial time t = 0. Shown in the background is the contour plot of LAVD50

0 (x0) for reference.(c)
Advected Lagrangian vortex boundaries at the final time t1 = 50. (See the on-line supplemental movie M1
for the complete advection sequence of the vortex boundaries).
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• Vortex centers: maxima of |LAVD|


• Vortex boundaries: outermost convex 
curves around maxima


• Coherence is defined over a finite 
time interval

G. Haller, A. Hadjighasem, M. Farazamand & F. Huhn, 2016 
Defining coherent vortices objectively from the vorticity. J. Fluid Mech.



• Initialize a dense “mesh” of Lagrangian particles over the whole 
globe (50 million particles)


• Solve the equation                   for each particle using the AVSIO 
surface geostrophic velocities. (MITgcm offline)


• Run forward for 180 days.


• Output LAVD, position every 30 days


• Repeat for each segment of the ~23 year dataset (1993 - 2016)

Computing The Flow Map

d

dt
x = vg

x0 ! x1initial position final position



90-day RCLVs

initial

90 days later



Global RCLV Census

• Use AVISO altimetric velocities 
used to advect Lagrangian 
particles over finite time intervals 
(30, 60, 90, 120, 180 days): 

• 1/32-degree mesh is necessary 
to resolve LAVD field: ~50 million 
particles

dX

dt
= vg

Duration (days) Count

30 64,978

60 19,457

90 6,540

120 2,467

180 331



Global RCLV Distribution



Global RCLV Zonal Propagation



East Pacific Sector

• Very little land, mostly zonally symmetric statistics


• Straightforward comparison with Chelton et al. 
(2011)


• Eulerian eddy fluxes are very well studied 
(Abernathey & Marshall, 2013; Klocker & 
Abernathey, 2014; Abernathey & Wortham, 2015)

The m factor masks all regions that are not within a coherent structure, assuming such regions164

move only with the mean flow and induce no relative dispersion. By comparing Km
rel with Krel ,165

we thereby quantify the fraction of meridonal eddy transport due to coherent structures. If it is166

true that eddy transport is “mainly due to individual eddy movements” (Dong et al. 2014), then167

Km
rel ' Krel . (Note that Km

rel includes dispersion due to both eddy translation and rotation within the168

eddy.) In contrast, if most of the transport is due to incoherent motion outside of the structures,169

then Km
rel < Krel .170

3. Satellite Data and Particle Advection171

a. AVISO Surface Geostrophic Velocities172

In this study, we consider only transport by the two-dimensional near-surface geostrophic ve-173

locity. This is of course an incomplete representation of the full flow field, but the geostrophic174

flow is by far the dominant component at the scales of interest here. It was shown by Rypina et al.175

(2012) that Ekman currents, the main ageostrophic motion in the open ocean, make a negligible176

contribution to mesoscale dispersion compared to the geostrophic flow. In the conclusions, we177

speculate about the possible role of ageostrophic and / or unresolved motion for the detection of178

RCLVs.179

The surface geostrophic velocity field (vg) is related to the sea surface height relative to the180

geoid (h) via181

k̂⇥vg =�g
f

—h (8)

where f is the Coriolis parameter, g is the gravitational acceleration, and k̂ is the unit vector182

pointing out of the sea surface. Equator, blah blah...183
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East Pacific Eddy Density
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DIFFUSION BY CONTINUOUS MOVEMENTS

By G. I. TAYLOR.

[Received May 22nd, 1920.—Read June 10th, 1920.]

Introduction.

It has been shown by the author,* and others, that turbulent motion
is capable of diffusing heat and other diffusible properties through the
interior of a fluid in much the same way that molecular agitation gives
rise to molecular diffusion. In the case of molecular diffusion the rela-
tionship between the rate of diffusion and the molecular constants is
known ; a large part of the Kinetic Theory of Gases is devoted to this
question. On the other hand, nothing appears to be known regarding the
relationship between the constants which might be used to determine any
particular type of turbulent motion and its " diffusing power."

The propositions set down in the following pages are the result of
efforts to solve this problem.

In order to simplify matters as much as possible the transmission of
heat in one direction only, that of the axis of x, will be considered. We
shall take the case of an incompressible fluid whose temperature 6, at
time t = 0, depends only ou x, and increases or decreases uniformly with
x. Initially therefore dd/dx is constant and equal to fi, say.

Now suppose that the fluid is moving in turbulent motion, so that
the distribution of temperature is continually altering. Suppose that the
turbulent motion could be defined by means of the Lagrangian equations
of fluid motion, so that the coordinates (x, y, z) of a particle are given in
terms of its initial coordinates {a, b, c) at the time t = 0, and of t.

Since the temperature of any particle is supposed to remain constant
during the motion, the temperature at the point {x, y, z) at time t, which
will be represented by the symbol 6 (x, y, z) is 6 {a, 0), which represents
the temperature at x = a at time t = 0.

* " Eddy Motion in the Atmosphere," Phil. Trans., 1915, p. 1.
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Both these observational data are in agreement with equations (19)
and (20).

Mr. Kichardson's method consisted in taking a photograph of the
smoke leaving a source and drifting down-wind. The exposure was not
instantaneous, but extended over such a long period that a kind of compo-
site photogragh was obtained showing the outer limits of the region con-
taining the smoke. The general shape of the outline of this region is
shown in Figs. 4 and 5; it is, as has been explained, a parabola with a
pointed vertex. In some cases the paraboloidal part of the surface joined
straight on to the conical part, as shown in Fig. 4, but in other cases
there was a sort of neck between them as shown in Fig. 5. According to
the theory set forth above this neck would be anticipated in cases where
the R$ curve contained negative values as shown in Fig. 3. An B^ curve
of this type might be due to some sort of regularity in the eddies of which
the turbulent motion consists.

FIG. 3.
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Coherent Lagrangian Dispersion

“Coherent” diffusivity

Relative dispersion Krel =
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Coherent Lagrangian Dispersion

30S

25S

180W 130W

256,000 particles



Coherent Lagrangian Dispersion



Diffusivity

FIG. 7. Upper panel: full relative diffusivity Krel (5) averaged for all 30- (blue) and 90-day (green) intervals.

Middle panel: fractional relatively diffusivity Kcs
rel due only to the motion of RCLVs. Note the different scale

on the y-axis. Bottom panel: non-dimensional ratios of RCLV area (RA) and diffusivity (RK) to total area and

diffusivity.
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Area and Diffusivity Ratios

FIG. 7. Upper panel: full relative diffusivity Krel (5) averaged for all 30- (blue) and 90-day (green) intervals.

Middle panel: fractional relatively diffusivity Kcs
rel due only to the motion of RCLVs. Note the different scale

on the y-axis. Bottom panel: non-dimensional ratios of RCLV area (RA) and diffusivity (RK) to total area and

diffusivity.
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RA = RK =area inside RCLVs
total area

diffusivity from RCLVs
total diffusivity (dashed)

RCLVs are anomalously non-dispersive!



Phenomenology of eddy flux
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Edge of eddy impact area

No tracer anomaly 
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Dipole Monopole
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Absolute tracer Tracer anomalya b

Frenger et al. (2015)



Coherent Diffusivity in Two Layer QG Model

 
Fig.12 Time series of coherent diffusivity in three simulations. Blue lines are coherent 
diffusivity, and shaded error bars are of 2 times standard error.  Green lines indicate the total 
Lagrangian diffusivity in the same time period. 

 
References 
Abernathey, R. and G. Haller, 2018: Transport by Lagrangian vortices in the Eastern Pacific. 

J. Phys. Oceanogr., 48, 667–685, doi:10.1175/jpo-d-17-0102.1. 
Abernathey, R., C. B. Rocha, F. J. Poulin, M. Jansen, and J. Penn, 2016: pyqg: v0.2.0. Zenodo, 

doi:10.5281/zenodo.50569. 
Arbic, B. K., and G. R. Flierl, 2004: Baroclinically unstable geostrophic turbulence in the 

limits of strong and weak bottom Ekman friction: Application to midocean eddies. J. 
Phys. Oceanogr., 34, 2257–2273, doi:10.1175/1520-
0485(2004)034,2257:BUGTIT.2.0.CO;2. 

Chelton, D. B., M. G. Schlax, and R. M. Samelson, 2011: Global observations of nonlinear 
mesoscale eddies. Prog. Oceanogr., 91, 167–216, doi:10.1016/j.pocean.2011.01.002. 

Cushman-Roisin, B., 1994. Introduction to Geophysical Fluid Dynamics. Prentice Hall, New 
Jersey. 320 pp. 

Haller, G., A. Hadjighasem, M. Farazmand, and F. Huhn, 2016: Defining coherent vortices 
objectively from the vorticity. J. Fluid Mech., 795, 136–173, 
https://doi.org/10.1017/jfm.2016.151. 

2. Eddy statistics 
2.1 Occurrence frequency of coherent eddies 

 
The LAVD method was used to detect the 30-day and 60-day coherent eddies in the first 30- and 
60-day periods of each of the 100 90-day intervals.  An example of the eddy detection result in 
one 30-day period in the weak friction case is shown in Fig. 3.  For all the eddies in Fig. 3, the 
particles inserted initially in the outer boundary of the eddies remain together in a compact shape 
after 30 days, with an exception of the eddy marked by the cyan cloud on the right side of the 
figure, which has lost a few particles by the end of the 30-day period.  These eddies are 
materially coherent in the corresponding period.  Similar behavior happens for most of the 
detected 30-day and 60-day eddies. 

 

Fig. 3 A sample of coherent eddy detection result in a 30-day period of the weak friction case.  
Background field is the PV anomaly distribution at the initial time.  Red curves are the outmost 
LAVD contour of the coherent eddies at the initial time, black lines are the trajectories of eddy 
centers and colored dots are the positions of particles initially inside the eddies after 30 days of 
evolution. 
 
The total number of coherent eddies in the 100 intervals in the three cases are shown in Fig. 4 and 

w/ Wenda Zhang and Christopher Wolfe (SUNY Stonybrook)
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RCLVs in Ultra-High-Res Model

• Satellite observations are 
relatively coarse and have 
poor temporal sampling


• What happens to RCLV 
detection in the presence of 
energized submesoscale 
and IGWs?


• Let’s use a model to answer 
these questions…

Confidential manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 1: The domain with the specific sub-domains used for the relative diffusivity calculation. A snapshot of the surface

KE in the domain, with the Agulhas / ACC regions marked in red / yellow. The relative diffusivity calculations (described

in Section 4) were done in these two regions separately to study dispersion characteristics of flows dominated by coherent

eddies (Agulhas) and strong zonal shear (ACC).

Zhurbas, V., and I. S. Oh (2004), Drifter-derived maps of lateral diffusivity in the pacific and atlantic1030

oceans in relation to surface circulation patterns, Journal of Geophysical Research: Oceans,1031

109 (C5), doi:10.1029/2003JC002241.1032

–35–

MITgcm LLC4320 (Hill & Menemenlis) 

1/48-degree global simulation 
Complete tidal forcing, rich IGW spectrum 
Hourly output, > 1PB of data for 1yr of simulation

Ph.D. work by Dr. Anirhan Sinha (now @ Caltech)



Time-filtering of velocities 

• Resample hourly velocity 
fields to daily & weekly 
resolution


• Calculate rotational / 
divergent wavenumber 
energy spectra


• Use these filtered velocities 
to drive particle advection 
experiments

Ph.D. work by Dr. Anirhan Sinha (now @ Caltech)



RCLVs in LLC4320
Ph.D. work by Dr. Anirhan Sinha (now @ Caltech)



RCLVs in LLC4320
Ph.D. work by Dr. Anirhan Sinha (now @ Caltech)



RCLVs in LLC4320
Ph.D. work by Dr. Anirhan Sinha (now @ Caltech)



RCLVs in LLC4320
Ph.D. work by Dr. Anirhan Sinha (now @ Caltech)

This method can’t really detect any RCLVs in highest resolution data!



Conclusions
• It is feasible to perform a comprehensive “census” of 

RCLVs on a global scale using the entire altimetric 
dataset


• Certain statistics of RCLVs are broadly similar to SSH-
eddies (e.g. propagation speed)…


• …But the RCLVs are much shorter lived


• Calculated the contributions RCLVs to net meridional 
dispersion (relative diffusivity): totally negligible! 

• Same result in QG model 

• RCLVs are very rare in submesoscale resolving model



Only 5 out of 60,906 modelled trajectories (o0.01%) cross north
of 53! N, the latitude at which we consider the floats to be
subpolar. When allowed to follow the three-dimensional flow
field, the vast majority of the trajectories (97.5%) trace the
wind-driven, western-intensified geostrophic STG, accumulating
in its convergent centre. Only 1,526 out of the 60,906 total floats
(2.51%) reach the SPG in this experiment. Along with vertical
mixing, Ekman pumping from negative wind-stress curl forcing
yields a net downward transport in the STG20, removing particles
from the surface layer and creating the disparity between a and b
in Fig. 1. These results agree with the observed and modelled
Lagrangian experiments on the fate of surface water in the
GS9–11,21, and we elaborate on those previous studies by
exploring the pathways of the Lagrangian particles from the GS
region to the SPG.

An examination of those trajectories that reach the SPG within
their 5-year lifetime reveals the canonical GS/NAC pathway
(Fig. 2). However, only 0.5% of the floats remain above the 125-m
climatological winter-mixed layer in the GS/NAC22 on their way
to the SPG (Fig. 2, inset). In addition, the small number of
particles that travel to the eastern SPG vary in their transit time
(median¼ 3.4 years, s.d.¼ 1.2 year); the spread demonstrates that

waters from the VCH do not travel coherently to the eastern SPG
and instead mix with waters of other ages (Fig. 3). In comparison,
the Lagrangian integral timescale of temperature anomalies for
the trajectories that reach the SPG (B48 days) is much shorter
than the advective timescale, thus individual trajectories are not
expected to carry their temperature anomaly to the SPG.

Satellite SST anomaly pathways. Given the lack of a surface
advective pathway from the STG to the SPG, we revisit the
question of whether winter SST anomalies propagate along
the GS/NAC5,15,16. Our investigation uses a lagged correlation
analysis with the modern satellite SST record—31 years
(1981–2012) of AVHRR Pathfinder SST data23. We switch to
observational data for this analysis because a reliable data set
exists with an observational period long enough for this analysis.
A number of steps are followed to provide consistency with
previous studies: (1) we use winter (November–April mean) SST
anomalies at 1!" 1! spatial resolution; (2) the VCH box is
defined as 80! W–60! W and 31.5! N–38.5! N; and (3) we apply a
5-year running mean filter to the SST anomalies before
calculating correlations. A time series of winter SST anomalies
averaged over the VCH box is extracted and then correlated with
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Future Directions

Tamsitt et al. (2016) 
Image by Henry Drake (MIT)

Foukal & Lozier (2017)

“Dense” Lagrangian trajectory datasets have enormous 
scientific potential…


…but they bring huge computational challenges.





dependence on time interval

color = |LAVD|

Identifying RLCVs



“Transport” by a coherent eddy

Estimates of eddy heat transport are conventionally made in
an Eulerian framework. Three approaches have been used:
the first is the direct calculation of the covariance between

temperature and velocity anomalies, V 0T 0, in the intraseasonal
frequency spectrum band1–3; the second is the assumption that
the covariance V 0T 0 is associated with geostrophic turbulent
dispersion and is equal to the mean temperature gradient rT
times an eddy diffusion coefficient, which itself must be
independently estimated4; and the third is the calculation of the
V0T0 product based on the vertical phase shift between
temperature and geostrophic velocity associated with baroclinic
instability5–7. None of these methods explicitly identify eddy
movement, which is more naturally considered in a Lagrangian
framework.

Theoretical and observational analyses indicate that cyclonic
and anticyclonic eddies usually move westwards, and they also
move polewards and equatorwards, respectively, because of the b
of Earth’s rotation8,9. T/S anomalies inside individual eddies (with
respect to the ambient water) occur due to geostrophic uplift and
depression of the background pycnocline vertical profiles
associated with cyclonic and anticyclonic eddies, respectively.
The sign of the T/S anomaly tends to be opposite in cyclonic
eddies from anticyclonic eddies. The T/S anomalies tend to move
with the eddies owing to advective trapping of interior water
parcels, so eddy movement causes heat and salt transport. If
information is available about eddy location and movement, and
the associated T/S anomalies, then eddy heat and salt transport
can be estimated by assuming that the compensating currents
outside the eddies do not have correlated T/S anomalies on
average. Automated eddy detection schemes have been applied to
data sets from different surface observations9–11. They can be
combined with the accumulating data sets on T/S vertical profiles
from Argo profiling floats to directly estimate the heat and salt
transport due to eddy movement.

Using an eddy data set from satellite altimeter sea surface
height anomaly (SSHA) data and T/S profiles from Argo floats,
this study shows that the westwards zonal transport of heat and
salt by cyclonic and anticyclonic eddies offsets each other, but
they enhance each other in the meridional direction. The
estimated meridional heat transport by eddy movement is similar
in magnitude and spatial structure to previous eddy covariance
estimates from models1,2, and the eddy heat and salt transport
each is a sizeable fraction of its respective total transport3,12. The
demonstrated importance of eddy transport supports the need for
eddy-resolving oceanic models in climate simulations.

Results
Detected eddies and co-located Argo profiles. A velocity geo-
metry-based automated eddy detection scheme13 is applied to
surface geostrophic velocity anomalies derived from SSHA data to
detect sea surface eddies. The Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO) multiple
satellite-merged SSHA product is used, which has a spatial
resolution of 1/3!! 1/3! and a 7-day temporal sampling over a
period from January 1993 to December 2010 (Dong et al.14). The
detected eddy data set carries the information of eddy centre
location, time, eddy polarity, eddy size, eddy boundary curve and
eddy movement velocity. A global eddy data set is derived from
the AVISO data using this method; it is available online15. Eddy
statistical and dynamical characteristics in the subtropic frontal
zone of the Northern Pacific Ocean were previously analysed
based on this eddy data set10.

The T/S vertical profiles of Argo floats from August 1999 to
December 2010 are used16, and the T/S data are linearly
interpolated onto 100 evenly spaced depth levels from 10 to

1,000 m. Individual profiles of T/S anomalies, T0(z) and S0(z), are
calculated by subtracting the average over all Argo profiles within
5!! 5! bins. Given the large number of Argo profiles now
available, the time-mean profiles are comparable to the Levitus
climatological data17.

All T/S profiles available within a detected eddy boundary
around a specified date are collected and their anomalies are
averaged. As the SSHA data are composited every 7 days, Argo T/
S profiles within a 3-day interval of the composite time are treated
as if simultaneous with the composite SSHA. The spatial
distribution of the number of Argo vertical profiles within eddies
in 5!! 5! bins is shown in Fig. 1. In the North Pacific Ocean, for
example, 7,249 and 8,131 Argo profiles are located inside cyclonic
and anticyclonic eddies, respectively, out of a total of 203,904
Argo profiles. On the other hand, 6,531 and 7,141 cyclonic and
anticyclonic eddies contain at least one Argo vertical profile,
which indicates that few eddies have multiple profiles. However,
most bins contain multiple eddies, especially in the Northern
Hemisphere. An example of the T/S anomaly vertical profiles in
the bin at [35!N–40!N]! [160!E–165!E] is shown in Fig. 2.

Heat and freshwater transports by eddy movement. We assume
the eddies move coherently as bulk entities at all levels. For a
single eddy with radial size re, horizontal movement velocity u0e,
and T/S anomaly profiles T 0e zð Þ; S0e zð Þ, the horizontal heat and salt
transports Qe are calculated by

Qeh ¼ su0e

Z
dzroCpoð2reÞT 0e;

Qes ¼ su0e

Z
dzroð2reÞS0e;

ð1Þ

with units of W for heat and kg s% 1 for salt mass, respectively.
ro¼ 1,025 kg m% 3 and Cpo¼ 4,200 J kg% 1 !C% 1 are mean
upper-ocean density and heat capacity. The vertical integral is
calculated by discrete summation over the interpolated vertical
levels. The size of an eddy varies vertically. Modelling and
observational experience has shown that there are three types of
oceanic eddies in terms of vertical shape18: bowl, lens and cone
shaped. Most eddies are bowl shaped. The coefficient s is set to 0.5
as a conservative choice of the vertical shape effect on eddy flux;
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Figure 1 | Argo profiles trapped by eddies. The spatial distribution of
the number of Argo profiles within cyclonic eddies (upper panel) and
anticyclonic eddies (lower panel). The bin size is 5!! 5!.
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that is, this is the minimum prefactor in equation (1), associated
with a cone. Within each bin we average all the eddies that have
simultaneous movement and T/S profile measurements (denoted
by angle brackets). As only a fraction of the SSHA-detected eddies
also have Argo profiles, we estimate the total time-mean
transports by eddy movement by multiplying the average single
eddy by the detected population number density Ne within each
bin, where Ne is the total detected eddy number multiplied by the
sampling interval of altimetry data (7 days) and divided by the
time length of the analysis period; that is,

Th ¼ NehQehi; Ts ¼ NehQesi: ð2Þ
The salt mass transport can be reinterpreted as an equivalent

freshwater volume transport assuming conservation of mass
across the transport section; that is, Ffw¼ $Ts/roSo, where
So¼ 35 p.s.u. (salt mass fraction) is the mean upper-ocean
salinity. The unit of Ffw is m3 s$ 1.

Section-integrated, time-averaged heat and salt mass transport
by cyclonic and anticyclonic eddy movement in the North Pacific
Ocean are shown in Fig. 3. In the zonal direction, because of the
differing cyclonic and anticyclonic eddy movement and pycno-
cline displacement tendencies, both eddy types have negative
zonal velocity (westwards propagation), so zonal heat and salt
mass transport by the two types of eddies have opposite sign and
tend to offset each other; hence, the total zonal eddy transport is
generally smaller than by either type of eddy alone. In the
meridional direction, however, where both the eddy propagation
velocity and the heat and salt anomalies usually have opposite
sign, the heat and salt transports by the two types of eddies have
the same sign and mostly combine to give larger values than from
either type alone (Fig. 3). The spatial structure of the transport
estimates is noticeably non-smooth on the 5! spatial resolution
scale, suggestive of a degree of undersampling because too few
eddies are detected. Mesoscale eddy fluxes have severe sampling
errors, especially for conventional covariance-based estimates19.

Taking a global view, the zonally integrated meridional heat
transport by eddy movements is plotted in Fig. 4. No estimate of
transport by eddy movements is made within [5!S–5!N] owing
to a problematic geostrophic approximation near the equator.
We superimpose two previous estimates1,2 based on the first
conventional approach defined above (anomaly covariance) using
oceanic model simulations. All three results are similar both in

the magnitude of the eddy heat transport, several times 0.1 PW
(1015 W), and in the general distribution with latitude. The
discrepancies among these estimates are from uncertainties
associated with each one. The estimation uncertainty in the
current estimate depends on the spatial and temporal sampling
frequency of vertical profiles of T/S within detected oceanic
eddies (see Methods).

The primary structure is a heat transport convergence in the
tropical zone and divergence in the subtropical and subpolar
zones; that is, eddies transport heat towards the equator in the
tropical zone in both hemispheres. This structure is evident in all
three oceanic basins, but it is the clearest in their global
combination. Its magnitude is a sizeable fraction (about 20–
30%) of the total meridional heat flux in the tropical ocean but in
the opposite direction12. A polewards transport is also indicated
in the Southern Ocean. While the different estimates disagree by
tens of percent in particular bins, they are remarkably consistent
on the larger scale. This agreement implies, in particular, that
eddy movement is a primary, if not dominant, mechanism for
eddy heat transport.

The global-scale estimate of salt transport by eddy movement is
shown in Fig. 5, expressed in terms of the equivalent freshwater
volume flux Ffw [Sv]. The overall magnitude is several times 0.1 Sv.
The meridional transport patterns are approximately equatorial
divergence, near-equatorial convergence and extratropical diver-
gence, albeit with considerable variation on the bin scale. This
magnitude is a moderate fraction (about 20–30%) of the B1 Sv of
the total oceanic meridional freshwater transport. The eddy flux
pattern is congruent with the total flux pattern of freshening the
evaporative subtropical zone and depleting the precipitative
equatorial and extratropical zones12. An application of the
second conventional estimation approach (with an eddy
diffusivity) to the observed r!S yielded an estimate4 nearly an
order of magnitude larger than the present eddy movement
estimate and, therefore, is somewhat implausible. The estimated
eddy freshwater flux has the same order of magnitude as that from
an eddy-resolving model in the Southern Hemisphere3, and it has
similar latitudinal variation with northwards flux in the middle
latitudes; however, the present estimate exhibits more variability
with latitude. Thus, we conclude, albeit with somewhat less
confidence than for heat transport, that the contribution of eddy
movement to salt transport also seems likely to be significant.
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Figure 2 | Vertical profiles of T/S affected by eddies. An example of bin-averaged T/S vertical profiles from Argo data in the bin located at
[35!N–40!N]% [160!E–165!E]: temperature (a), salinity (b), temperature anomaly (c) and salinity anomaly (d). Blue and red lines are for cyclonic and
anticyclonic eddies, respectively, and the black lines are the means from all profiles.
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“…eddy heat and salt transports are 
mainly due to individual eddy 
movements.”

Estimates of eddy heat transport are conventionally made in
an Eulerian framework. Three approaches have been used:
the first is the direct calculation of the covariance between

temperature and velocity anomalies, V 0T 0, in the intraseasonal
frequency spectrum band1–3; the second is the assumption that
the covariance V 0T 0 is associated with geostrophic turbulent
dispersion and is equal to the mean temperature gradient rT
times an eddy diffusion coefficient, which itself must be
independently estimated4; and the third is the calculation of the
V0T0 product based on the vertical phase shift between
temperature and geostrophic velocity associated with baroclinic
instability5–7. None of these methods explicitly identify eddy
movement, which is more naturally considered in a Lagrangian
framework.

Theoretical and observational analyses indicate that cyclonic
and anticyclonic eddies usually move westwards, and they also
move polewards and equatorwards, respectively, because of the b
of Earth’s rotation8,9. T/S anomalies inside individual eddies (with
respect to the ambient water) occur due to geostrophic uplift and
depression of the background pycnocline vertical profiles
associated with cyclonic and anticyclonic eddies, respectively.
The sign of the T/S anomaly tends to be opposite in cyclonic
eddies from anticyclonic eddies. The T/S anomalies tend to move
with the eddies owing to advective trapping of interior water
parcels, so eddy movement causes heat and salt transport. If
information is available about eddy location and movement, and
the associated T/S anomalies, then eddy heat and salt transport
can be estimated by assuming that the compensating currents
outside the eddies do not have correlated T/S anomalies on
average. Automated eddy detection schemes have been applied to
data sets from different surface observations9–11. They can be
combined with the accumulating data sets on T/S vertical profiles
from Argo profiling floats to directly estimate the heat and salt
transport due to eddy movement.

Using an eddy data set from satellite altimeter sea surface
height anomaly (SSHA) data and T/S profiles from Argo floats,
this study shows that the westwards zonal transport of heat and
salt by cyclonic and anticyclonic eddies offsets each other, but
they enhance each other in the meridional direction. The
estimated meridional heat transport by eddy movement is similar
in magnitude and spatial structure to previous eddy covariance
estimates from models1,2, and the eddy heat and salt transport
each is a sizeable fraction of its respective total transport3,12. The
demonstrated importance of eddy transport supports the need for
eddy-resolving oceanic models in climate simulations.

Results
Detected eddies and co-located Argo profiles. A velocity geo-
metry-based automated eddy detection scheme13 is applied to
surface geostrophic velocity anomalies derived from SSHA data to
detect sea surface eddies. The Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO) multiple
satellite-merged SSHA product is used, which has a spatial
resolution of 1/3!! 1/3! and a 7-day temporal sampling over a
period from January 1993 to December 2010 (Dong et al.14). The
detected eddy data set carries the information of eddy centre
location, time, eddy polarity, eddy size, eddy boundary curve and
eddy movement velocity. A global eddy data set is derived from
the AVISO data using this method; it is available online15. Eddy
statistical and dynamical characteristics in the subtropic frontal
zone of the Northern Pacific Ocean were previously analysed
based on this eddy data set10.

The T/S vertical profiles of Argo floats from August 1999 to
December 2010 are used16, and the T/S data are linearly
interpolated onto 100 evenly spaced depth levels from 10 to

1,000 m. Individual profiles of T/S anomalies, T0(z) and S0(z), are
calculated by subtracting the average over all Argo profiles within
5!! 5! bins. Given the large number of Argo profiles now
available, the time-mean profiles are comparable to the Levitus
climatological data17.

All T/S profiles available within a detected eddy boundary
around a specified date are collected and their anomalies are
averaged. As the SSHA data are composited every 7 days, Argo T/
S profiles within a 3-day interval of the composite time are treated
as if simultaneous with the composite SSHA. The spatial
distribution of the number of Argo vertical profiles within eddies
in 5!! 5! bins is shown in Fig. 1. In the North Pacific Ocean, for
example, 7,249 and 8,131 Argo profiles are located inside cyclonic
and anticyclonic eddies, respectively, out of a total of 203,904
Argo profiles. On the other hand, 6,531 and 7,141 cyclonic and
anticyclonic eddies contain at least one Argo vertical profile,
which indicates that few eddies have multiple profiles. However,
most bins contain multiple eddies, especially in the Northern
Hemisphere. An example of the T/S anomaly vertical profiles in
the bin at [35!N–40!N]! [160!E–165!E] is shown in Fig. 2.

Heat and freshwater transports by eddy movement. We assume
the eddies move coherently as bulk entities at all levels. For a
single eddy with radial size re, horizontal movement velocity u0e,
and T/S anomaly profiles T 0e zð Þ; S0e zð Þ, the horizontal heat and salt
transports Qe are calculated by

Qeh ¼ su0e

Z
dzroCpoð2reÞT 0e;

Qes ¼ su0e

Z
dzroð2reÞS0e;

ð1Þ

with units of W for heat and kg s% 1 for salt mass, respectively.
ro¼ 1,025 kg m% 3 and Cpo¼ 4,200 J kg% 1 !C% 1 are mean
upper-ocean density and heat capacity. The vertical integral is
calculated by discrete summation over the interpolated vertical
levels. The size of an eddy varies vertically. Modelling and
observational experience has shown that there are three types of
oceanic eddies in terms of vertical shape18: bowl, lens and cone
shaped. Most eddies are bowl shaped. The coefficient s is set to 0.5
as a conservative choice of the vertical shape effect on eddy flux;
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Figure 1 | Argo profiles trapped by eddies. The spatial distribution of
the number of Argo profiles within cyclonic eddies (upper panel) and
anticyclonic eddies (lower panel). The bin size is 5!! 5!.
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Estimates of eddy heat transport are conventionally made in
an Eulerian framework. Three approaches have been used:
the first is the direct calculation of the covariance between

temperature and velocity anomalies, V 0T 0, in the intraseasonal
frequency spectrum band1–3; the second is the assumption that
the covariance V 0T 0 is associated with geostrophic turbulent
dispersion and is equal to the mean temperature gradient rT
times an eddy diffusion coefficient, which itself must be
independently estimated4; and the third is the calculation of the
V0T0 product based on the vertical phase shift between
temperature and geostrophic velocity associated with baroclinic
instability5–7. None of these methods explicitly identify eddy
movement, which is more naturally considered in a Lagrangian
framework.

Theoretical and observational analyses indicate that cyclonic
and anticyclonic eddies usually move westwards, and they also
move polewards and equatorwards, respectively, because of the b
of Earth’s rotation8,9. T/S anomalies inside individual eddies (with
respect to the ambient water) occur due to geostrophic uplift and
depression of the background pycnocline vertical profiles
associated with cyclonic and anticyclonic eddies, respectively.
The sign of the T/S anomaly tends to be opposite in cyclonic
eddies from anticyclonic eddies. The T/S anomalies tend to move
with the eddies owing to advective trapping of interior water
parcels, so eddy movement causes heat and salt transport. If
information is available about eddy location and movement, and
the associated T/S anomalies, then eddy heat and salt transport
can be estimated by assuming that the compensating currents
outside the eddies do not have correlated T/S anomalies on
average. Automated eddy detection schemes have been applied to
data sets from different surface observations9–11. They can be
combined with the accumulating data sets on T/S vertical profiles
from Argo profiling floats to directly estimate the heat and salt
transport due to eddy movement.

Using an eddy data set from satellite altimeter sea surface
height anomaly (SSHA) data and T/S profiles from Argo floats,
this study shows that the westwards zonal transport of heat and
salt by cyclonic and anticyclonic eddies offsets each other, but
they enhance each other in the meridional direction. The
estimated meridional heat transport by eddy movement is similar
in magnitude and spatial structure to previous eddy covariance
estimates from models1,2, and the eddy heat and salt transport
each is a sizeable fraction of its respective total transport3,12. The
demonstrated importance of eddy transport supports the need for
eddy-resolving oceanic models in climate simulations.

Results
Detected eddies and co-located Argo profiles. A velocity geo-
metry-based automated eddy detection scheme13 is applied to
surface geostrophic velocity anomalies derived from SSHA data to
detect sea surface eddies. The Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO) multiple
satellite-merged SSHA product is used, which has a spatial
resolution of 1/3!! 1/3! and a 7-day temporal sampling over a
period from January 1993 to December 2010 (Dong et al.14). The
detected eddy data set carries the information of eddy centre
location, time, eddy polarity, eddy size, eddy boundary curve and
eddy movement velocity. A global eddy data set is derived from
the AVISO data using this method; it is available online15. Eddy
statistical and dynamical characteristics in the subtropic frontal
zone of the Northern Pacific Ocean were previously analysed
based on this eddy data set10.

The T/S vertical profiles of Argo floats from August 1999 to
December 2010 are used16, and the T/S data are linearly
interpolated onto 100 evenly spaced depth levels from 10 to

1,000 m. Individual profiles of T/S anomalies, T0(z) and S0(z), are
calculated by subtracting the average over all Argo profiles within
5!! 5! bins. Given the large number of Argo profiles now
available, the time-mean profiles are comparable to the Levitus
climatological data17.

All T/S profiles available within a detected eddy boundary
around a specified date are collected and their anomalies are
averaged. As the SSHA data are composited every 7 days, Argo T/
S profiles within a 3-day interval of the composite time are treated
as if simultaneous with the composite SSHA. The spatial
distribution of the number of Argo vertical profiles within eddies
in 5!! 5! bins is shown in Fig. 1. In the North Pacific Ocean, for
example, 7,249 and 8,131 Argo profiles are located inside cyclonic
and anticyclonic eddies, respectively, out of a total of 203,904
Argo profiles. On the other hand, 6,531 and 7,141 cyclonic and
anticyclonic eddies contain at least one Argo vertical profile,
which indicates that few eddies have multiple profiles. However,
most bins contain multiple eddies, especially in the Northern
Hemisphere. An example of the T/S anomaly vertical profiles in
the bin at [35!N–40!N]! [160!E–165!E] is shown in Fig. 2.

Heat and freshwater transports by eddy movement. We assume
the eddies move coherently as bulk entities at all levels. For a
single eddy with radial size re, horizontal movement velocity u0e,
and T/S anomaly profiles T 0e zð Þ; S0e zð Þ, the horizontal heat and salt
transports Qe are calculated by

Qeh ¼ su0e

Z
dzroCpoð2reÞT 0e;

Qes ¼ su0e

Z
dzroð2reÞS0e;

ð1Þ

with units of W for heat and kg s% 1 for salt mass, respectively.
ro¼ 1,025 kg m% 3 and Cpo¼ 4,200 J kg% 1 !C% 1 are mean
upper-ocean density and heat capacity. The vertical integral is
calculated by discrete summation over the interpolated vertical
levels. The size of an eddy varies vertically. Modelling and
observational experience has shown that there are three types of
oceanic eddies in terms of vertical shape18: bowl, lens and cone
shaped. Most eddies are bowl shaped. The coefficient s is set to 0.5
as a conservative choice of the vertical shape effect on eddy flux;
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Figure 1 | Argo profiles trapped by eddies. The spatial distribution of
the number of Argo profiles within cyclonic eddies (upper panel) and
anticyclonic eddies (lower panel). The bin size is 5!! 5!.
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The Tools: MITgcm for Lagrangian Advection

Figure 1: Illustration of four different ways of gridding the earth. Top left:

lat-lon grid, which maps the earth to a single rectangular array (’face’). Top

right: cube-sphere grid, which maps the earth to the six faces of a cube.

Bottom right: lat-lon-cap grid, which maps the earth using five faces (an

arctic face, and four mostly lat-lon sectors). Bottom left: quadripolar grid,

which maps the earth using four faces. For each plot, the different faces are

color-coded, and the ocean topography underlaid.
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• Has a built in Lagrangian “particle tracking” via FLT 
package


• Originally designed to simulate ARGO floats


• Full 3D RK4 with trilinear interpolation in space


• “Turbulence” options, but I didn’t use them


• Combined with “offline mode,” which reads velocity 
fields from files


• Fully MPI parallelized, scales to 100s of processors


• IO bound



• Eddy fluxes must be 
“parameterized” in terms of 
resolved model fields, i.e. 
 

• We have decent eddy 
parameterizations, but they are 
still far from perfect


• High resolution models perform 
better than low resolution in 
many ways

FIG. 12. Global ocean vertical heat transport for the CM2-O suite of simula-
tions (in petawatts). Positive values arise from upward heat transport (upward
arrows) and negative values arise from downward transport (downward arrows).
These transports are derived from the vertical cumulative sum of the convergences
shown in Fig. 10, starting from the ocean floor where the heat flux vanishes in the
CM2-O suite (no geothermal heating). The sum of the dashed lines equals the solid
black line. See Fig. 7 for the analogous transport in the meridional direction.
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FIG. 12. Global ocean vertical heat transport for the CM2-O suite of simula-
tions (in petawatts). Positive values arise from upward heat transport (upward
arrows) and negative values arise from downward transport (downward arrows).
These transports are derived from the vertical cumulative sum of the convergences
shown in Fig. 10, starting from the ocean floor where the heat flux vanishes in the
CM2-O suite (no geothermal heating). The sum of the dashed lines equals the solid
black line. See Fig. 7 for the analogous transport in the meridional direction.
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East Pacific Sector - Heat Flux from Satellite Obs.

c. Cross-spectral analysis of 1/108 POP model

The analysis of the model is identical. Only the spa-
tiotemporal sampling and resolution are different. For
the model L , the sector width is the same, N 5 500,

T5 1825 days, andM5 1825. The different spectra from
the POP model are shown in Figs. 5, 6 , and 7 . To facil-
itate comparison in phase speed space, which is the
primary focus of our study, in Fig. 8 we plot VQ(c) from
both satellite data and the POP model in the same

FIG. 3. As in Fig. 2, but for the SSH-derived meridional velocity.

FIG. 4. As in Fig. 2, but for the Cross-spectral density VQ.
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c. Cross-spectral analysis of 1/108 POP model

The analysis of the model is identical. Only the spa-
tiotemporal sampling and resolution are different. For
the model L , the sector width is the same, N 5 500,

T5 1825 days, andM5 1825. The different spectra from
the POP model are shown in Figs. 5, 6 , and 7 . To facil-
itate comparison in phase speed space, which is the
primary focus of our study, in Fig. 8 we plot VQ(c) from
both satellite data and the POP model in the same

FIG. 3. As in Fig. 2, but for the SSH-derived meridional velocity.

FIG. 4. As in Fig. 2, but for the Cross-spectral density VQ.
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• Cross-spectral analysis of SST and 
SSH-derived velocity


• Spectral peaks are aligned with the 
properties of tracked SSH eddies 
(Chelton)


• Implies an important role for 
coherent SSH “features” in eddy 
heat transport

Abernathey & Wortham (2015)
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